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indices of left ventricular performance in children 

STELLING EN 
I. De praktische waarde van systolische tijdsintervallen voor de klinisch 
cardiologische diagnostiek is omgekeerd evenredig aan het aantal publi­
katies dat over dit onderwerp is verschenen. 
2. Toepassing van de vergelijking volgens R. Gartin en S.G. Gartin geeft 
slechts een benadering van de ernst van een valvulaire aortastenose. 
3. De congenitale (sub)valvulaire aortastenose is geen gefixeerde stenose. 
4. In geval van hydramnion dient men als oorzaak een neuromusculaire 
aandoening van het kind in de differentiaaldiagnose te betrekken. 
Barth, P.G., 1974 (wordt gepubliceerd). 
5 .  De kindercardiologie client als zelfstandig specialisme erkend te worden. 
6. De stelling dat het hartinfarct altijd wordt veroorzaakt door coronair­
thrombose berust op een misverstand. 
7. Medici dienen ernst te maken met een schriftelijke verklaring van hen, 
die weigeren levensverlengende behandelingen te ondergaan, wanneer het 
zo goed als, of geheel vaststaat dat een niet te remmen aftakelingsproces 
moet worden doorgemaakt. 
8. Op de vraag of hypoxic een rol speelt bij de veroorzaking van het 
"sudden infant death syndrome" zou klinisch-pathologisch en experi­
menteel-pathologisch onderzoek van de thymusschors een antwoord 
kunnen geven. 
Baak, J .P.A. en Huber, J . , 1974 (wordt gepubliceerd). 
9. De keuze der conditionering voor open hartchirurgie bij zuigelingen 
wordt niet aileen bepaald door de anatomic van de te corrigeren af­
wijking. 
I 0. Een (medisch) specialist die belangstellende leken geen inzicht kan ver­
schaffen in zijn vakkundig doen en Iaten, functioneert sociaal in on­
voldoende mate. 
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CHAPTER 1 - INTRODUCTION, SUMMARY AND CONCLUSIONS 
Obstruction to left ventricular outflow may occur at the valvular, subvalvular and 
supravalvular level. The most common congenital forms are valvular aortic stenosis 
and membranous subaortic stenosis, representing about 75 and 1 0  percent of all cases 
respectively 23, 109, 14s . 
In membranous subaortic stenosis the principal anatomical lesion is a mem­
branous diaphragm or fibrous ridge encircling the left ventricular outflow tract just 
beneath the aortic valve. Aortic valvular stenosis on the other hand, is due to two 
factors: fusion of varying degree of the commissures and thickening of the valve 
cusps. Usually a bicuspid aortic valve is found with a single, fused commissure and 
an excentric ori fice. The incidence of congenital aortic stenosis has been estimated 
at 2-6% of patients with congenital heart disease35• 109• 145 •  The true incidence may 
be higher since the aortic valves are bicuspid in 4 out of every I 000 births, thus 
representing the most common malformation of the heart 33. Their abnormal 
anatomy gives rise to excessive flexion, folding and tension in the cusps causing 
them to calcify at an earlier age than the normal three-cusped valve 33•5 1 • 1 65 •  
Actually, the congenital bicuspid valve may remain undetected in  early life and 
become stenotic and of clinical significance only in adult life, at a time when it may 
be indistinguishable from the acquired forms of aortic stenosis 52. 
The natural history of congenital aortic stenosis has a progressive character. 
Recent studies have pointed out that mild aortic stenosis may become moderate or 
even cri tical in the course of life 34•39•54•64• 65•200. In childhood the size of the 
orifice may remain relatively fixed as growth occurs and cardiac output increases, 
and progressive calcification further restricts the mobility of the valve leaflets and 
intensifies the severity of obstruction to left ventricular outflow39• 145 •  The increas­
ed afterload carried by the left ventricle results in hypertrophy, d ilatation and 
eventual failure of the left ventricular myocardium. In the pediatric age group, 
however, congestive heart fai lure rarely complicates aortic stenosis23• 1 09• 145 .  The 
majori ty of the children has no complaints and the attention of a physician is 
usually sought for these children only when a heart murmur is  heard on routine 
physical examination. The finding of a severe obstruction at cardiac catheterization 
rather than the presence of symptoms is the primary indication for operation since 
sudden death is a distinct risk to these children 23• 109• 145 .  The incidence of sudden 
death varies in the published patient series from I -9%29•47 •  7 3• 135• 14 1 • 142 • 1 49• 1 60• 17 0 • 
Reynolds et al. 17 0 reported an incidence of 7 . 5% i n  a large series of patients and 
thi s  figure appears representative for the average incidence of sudden death. In 
children with bicuspid valvular aortic stenosis, commissurotomy is performed if the 
anatomy permits relieving the obstruction without causing aortic valve incom­
petence. However, normal valve function is never attained by this procedure and 
the valves may become deformed, calcified and again stenotic in later years, requir­
ing aortic valve replacement2 3• 65 •85 • 1o8 .  
Since congenital aortic stenosis may be a progressive disorder, even after com­
missurotomy, all patients require careful, long-term follow-up. Because cardiac 
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catheterization is not without risk 28 • 1 1 6, the application of this  method should be 
reduced to a minimum. Accordingly, many attempts have been made to evaluate the 
reliability of different non-invasive methods in predicting the severi ty of outflow 
tract obstruction. Disti nct fatigabili ty and exertional dyspnoe, angina pectoris and 
syncope usually signify the presence of severe obstruction, but it is  important to 
realize that the majori ty of patients, including those with severe obstruction, is 
entirely asymptomatic. On physical examination the absence of a pronounced left 
ventricular impulse and a systolic thrill usually indicate mild obstruction, but the 
presence of these signs gives no further indication as to the severi ty of the actual 
stenosis24• 7 3 •  160. No correlati on has been reported between cardiac size, as 
estimated radiologicaliy,  and the size of the aortic orifice, the left ventricular 
systolic pressure or the peak transvalvular pressure difference 24• 7 3 • 103 • 
The electrocardiogram is a useful but by no means infallible clinical tool in the 
assessment of the severi ty of aortic stenosis23• 7 3•99• 145• 17 0. In 75% of the patients 
with a peak systolic pressure difference across the valve greater than 50 mmHg, a left 
ventricular strain pattern is evident. However, 25% of patients with severe aortic 
stenosis have either normal electrocardiograms or only voltage signs of left ventri­
cular hypertrophy. Furthermore, in the presence of electrocardiographic criteria of 
left ventricular hypertrophy without strain,  1 0%  of the patients prove to have only a 
slight pressure difference across the aortic valve 145. If the stenosis  is severe, the 
electrocardiogram on exercise may reveal ischemic changes not present on the 
electrocardiogram at rest. However, when the electrocardiogram remains normal 
during exercise, a significant aortic stenosis  cannot be exciuded 36•84•99• The vector­
cardiogram has been reported to be a more sensi tive and a more reliable tool than 
the scalar electrocardiogram in the evaluation of . the severity of aortic stenosis. 
Hugenholtz 98•99 and Gamboa et a/. 67 found a good correlation between the 
maxi mum spatial vector and the peak systolic left ventricular pressure, allowing 
them to predict the severity of stenosis from the vectorcardiogram. These fi ndings 
could not be confirmed by Reeve et a/. 1 67 and these authors thus conclude that the 
value of the vectorcardiogram in the evaluation and follow-up of pati ents with 
congeni tal aortic stenosis remains to be proved. 
Controversial reports are available concerning the usefulness of the phono­
cardiogram in the prediction of the severi ty of aortic stenosis. The timing of the 
peak of the systolic ejection-type murmur correlates with the degree of stenosis 
according to some authors5• 18 • 148 , but this is disputed by others66• The presence 
of a fourth heart sound gallop rhythm correlates with a transvalvular pressure differ­
ence of 75 mmHg in  adults24•7\ but this cannot be applied in  the pediatric age 
group because of the frequency of a physiologic fourth heart sound 7 4• Reversed 
splitting of the second heart sound suggests severe aortic outflow obstruction 7 2 • 197 , 
however only a minority of all patients with severe aortic stenosis shows this ab­
normal behavior of the second heart sound 66•9 1. 
The indirect carotid pulse tracing usually shows a prominent anacrotic shoulder 
or notch, a rounded or delayed peak, superimposed systolic vibrations ("cock's 
comb") and sometimes a delayed incisura24•9 1• 1 97 • Nevertheless, a number of 
variations in pulse contour exist 161 • The typical "aortic stenotic pulse" as described 
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above i s  less likely to be found in children than in adults with equivalent degrees of 
obstruction 58• 1 49• Many attempts have been made to quantitate the observed 
changes in carotid pulse contour. The "t-time" (i.e. the time required for the pulse 
to reach one half of its total height) 13 •4 1• 5 5• 82• 17 1, the "upstroke time" (i.e. the 
time required for the pulse to reach its greatest height) 13• 46•5 5 • 17 1, the " ascending 
index" (i.e. the ratio of the upstroke time to the ejection time) 53• 55•7 3 and the 
"ejection angle" (i. e. the angle made by the ascending limb of the carotid pulse with 
a vertical line) 13• 4 1 are some of the most thoroughly studied quantities. All these 
measures are helpful  for determining the presence of aortic stenosis, but generally 
there has hardly been found any relation with the degree of obstruction 197 • The 
ejection time, as measured from the carotid artery pulse tracing, has proven to be a 
valuable measurement for ascertaining the presence of significant aortic stenosis and 
many investigators found some relation between the degree of ejection time pro­
longation and the severity of aortic stenosis. (See chapter 4 ). Echocardiography has 
proven to be a valuable non-invasive method in assessing several congenital cardio­
vascular malformations but so far few studies have been published concerning 
patients with congenital aortic stenosis 147 •204 •22 1. 
In recent years Weissler and co-workers 144•2 1 1 , as well as many other in­
vestigators, have stressed the importance of three systolic time intervals as a measure 
of left ventricular performance in man: the total electromechanical systole fem s• the 
left ventricular ejection time te and the pre-ejection time fpe· These intervals are 
measured from simultaneous fast speed recordings of the electrocardiogram, the 
phonocardiogram and the carotid artery pulse tracing. Recently a summary of the 
numerous studies on systolic time intervals and the clinical applications has been 
given by Weissler et a!. 144 •2 1 1 • Normal values for children have been published by 
several authors7 5• 95 .  Although in children with congenital aortic stenosis many 
studies with regard to the ejection time have been performed, only few reports are 
available concerning the total electromechanical systole and the pre-ejection time. In  
adult patients with congenital aortic stenosis the ejection time and the total electro­
mechanical systole have been found to be prolonged while the pre-ejection time is  
frequently shorter than normal 147• 2 1 1 • 
The present study has been undertaken to evaluate the relation of the systolic 
time intervals to left ventricular performance in children with a congenital aortic 
stenosis and to assess the possibi lity of predicting the degree of stenosis by this 
non-invasive method. It includes 27 patients with a valvular aortic stenosis and 
3 patients with a membranous subaortic stenosis. In chapter 2 the clinical data are 
presented and the methods used described. Under general anesthesia 3 catheters 
were introduced and the tips advanced towards the pulmonary artery, ascending 
aorta and left ventricle. B lood pressure and dye dilution curves were recorded via the 
catheters. From the recordings the following quantities were derived. Left ventri­
cular pressure Ptv• aortic pressure P0 ,  cardiac output Q, cardiac index Q', heart rate 
f, stroke volume Qlvs• stroke index Qfvs• left ventricular stroke work Wtvs• left 
ventricular stroke work index Wfvs• aortic valve area A, aortic valve area index A', 
aortic valve resistance R0 , ejection time te (P0  ), pre-ejection time tpe (P), electro­
mechanical delay tem d  (P) and isovolumic contraction time five (P). The left 
1 0  
ventricle was catheterized using a fluid-filled catheter in 1 7  and a cathetertip­
manometer in 1 3  patients. The high fideli ty pressure tracings of the cathetertip­
manometer allowed determination of the maximum rate of rise of the left ventri-
cular pressure �f (max) and of the maximum velocity of contractile element 
shortening Vmax· 
Simultaneously with the internal recordings, external ones were made. These 
included electrocardiogram (ECG), phonocardiogram (PCG), carotid pulse tracing 
(CPT), apexcardiogram (ACG) and respiration. From the ECG, PCG and CPT the 
following time intervals were measured. The total electromechanical systole terns• 
the ejection time te, the pre-ejection time lpe • the electromechanical delay tem d  (S) 
and the isovolumic contraction time five (S). In addition the electromechanical 
delay and the isovolumic contraction time were determined using the ACG 
Ctem d  (A) and five (A)). The measurements were made under controlled conditions 
and in a number of patients also following provocative intervention: right atrial 
pacing (I I patients) and/or angiotensin  infusion (20 patients). To study a possible 
effect of the catheterization procedure on systolic time intervals, tem s• fpe and fe 
were also measured within 48 h before catheterization. 
According to data obtained in normal chi ldren (Golde and Burstin 75 ) and 
normal adults (Weissler et a!. 209),  systolic time intervals are dependent on heart 
rate, age and sex. In order to obtain  values which are intercomparable for the 
patients studied and to obtain  one and the same normal value for all individuals, a 
method was devised based on regression equations published by the above menti on­
ed authors, to correct the measured intervals for heart rate, age and sex (t*). 
In chapter 3 the results are presented. When comparing the externally measured 
systolic time intervals with the internally measured ones, tpe and te proved to be 
nearly equal to tpe (P) and te (Pa0). The values of temd  (A) and five (A ) were nearly 
equal to lemd (P) and live (P) in those cases where a technically perfect apexcardio­
gram was obtained. temd  (S) was much longer than lemd  (P), and five (S) con­
siderably shorter than five (P). From these data it is  concluded that the pre-ejection 
time and the ejection time, being the two parts of the total electromechanical 
systole, can be measured reliably by non-invasive methods. The variable delay of the 
first heart sound relative to the beginning of left ventricular contraction, and the 
impossibili ty to obtain a perfect apexcardiogram in all cases, did not allow a reliable, 
non-invasive determination of the electromechanical delay and the isovolumic con­
traction time. On account of these data only tems• fpe and te were systematically 
used in this study. Taking the mean of the patients studied, the corrected total 
electromechanical systole and the corrected ejection time proved to be prolonged, 
but the corrected pre-ejection time did not differ from the normal value. In some 
cases there were appreciable differences between the corrected time inverval as 
obtained before and as obtained during cardiac catheterization. When the corrected 
time intervals were plotted against the severity of the aortic stenosis  as expressed by 
the peak systolic pressure difference, the aortic valve area index and the aortic valve 
resistance, a wide scatter was found. It is concluded that a normal r: is strong 
evidence against a peak systolic pressure difference > 50 mmHg or an aortic valve 
I I  
area i ndex < 0. 70 cm2 • m·2 • A prolonged r;, however, may occur in  mild as well as 
in severe stenosis. 
Atrial pacing resulted in a decrease in  left ventricular end-diastolic pressure in 
all and a slight i ncrease in  diastolic  aortic pressure in  some patients. Cardiac output 
increased in all patients, but stroke volume decreased in all except two. In some 
patients slight changes in calculated aortic valve area were found. The average of the 
corrected time intervals did not change significantly. Ventricular function curves 
relating left ventricular end-diastolic pressure to stroke work, are presented together 
with the changes in � (max) and Vm ax· 
Duri ng angiotensin infusion the ri se in  systolic aortic pressure was accompanied 
by a rise in left ventricular pressure, but often to a lesser extent. Left ventricular 
end-diastolic pressure increased in all patients. Although the average of the cardiac 
output remained unchanged, a decrease in stroke volume was observed in 2/3 and an 
increase in I /3 of the patients. Slight, but significant increase in the average value for 
t"/ms• te and r; were accompanied by no change i n  terns• tpe and tJe· Changes in  
ejection time were not related to  changes in  stroke volume. Ventricular function 
curves are presented together with the changes in  gf (max) and Vm ax· 
In chapter 4 the results are discussed in  connection with a summary of the 
litterature. Attention is  paid to the value of the first heart sound and the apexcardio­
gram as an aid in non-invasive measuring of the electromechanical delay and the 
isovolumic contraction time. The peak systolic pressure difference and the aortic 
valve area index, being commonly used quantities for expressing the severity of the 
aortic stenosis, are discussed and calculation of the aortic valve resistance proposed 
as an additional method to quantitate the severity of the stenosis. With reference to 
the differences in time intervals as measured before and during catheterization, i t  is  
noted that normal variations in cardiac performance might also affect systolic time 
intervals and that no studies have been published concerning the reproducibility of 
systolic time intervals in  one and the same individual. The poor relation between 
systolic time intervals and the severi ty of the aortic stenosis  is related to a presumed 
normal range of systolic time intervals in one and the same individual.  Moreover it is  
considered that deviations in  systolic time intervals as  found by other investigators 
i n  various diseases, are often small when taken as a percentage of the normal value. 
Finally the value of atrial pacing and angiotensin infusion in assessing myocardial 
function in children with an aortic stenosis is discussed. 
Considering the results of this investigation, the following conclusions can be 
formulated. 
( 1) Pre-ejection time and ejection time, measured from simultaneous recordings of 
electrocardiogram, phonocardiogram and carotid artery pulse tracing, reliably 
reflect the corresponding intervals as measured by invasive methods. 
(2) A limited number of observations indicates that the first heart sound has a 
variable delay relative to the upstroke point of the left ventricular pressure 
tracing; it follows that electromechanical delay and isovolumic contraction 
time cannot be measured using the phonocardiogram. 
Simultaneous recordings of electrocardiogram, phonocardiogram, carotid artery 
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pulse tracing and apexcardiogram allow accurate external measurement of 
electromechanical delay and isovolumic contraction time, when a technically 
perfect apexcardiogram with a distinct upstroke point is obtained. 
(3) Total electromechanical systole and ejection time, corrected for heart rate, age 
ana sex, are often prolonged in children with a congeni tal (sub)valvular aorti c  
stenosis, in  contrast to the corrected pre-ejection time which generally falls 
within the normal range. 
( 4) The correlation between corrected time intervals and the severi ty of the aortic 
stenosis, as expressed by peak systolic pressure difference, aortic valve area 
index and aortic valve resistance, is poor. It follows that systolic time intervals 
are of minor value in predicting the severi ty of the aortic stenosis. 
(5)  Atrial pacing, used as a stress test in evaluating myocardial performance, result­
ed in a wide range of hemodynamic responses. The data did not allow a separa­
tion of normal and abnormal responses. 
(6) Wi th angiotensin  infusion, used as a stress test in evaluating myocardial 
performance, an impression of left ventricular function could be obtained when 
cardiac output, stroke work and left ventricular end-diastolic pressure were 
considered together. Additional experience is required to assess the practical 
value of this  test. 
(7) There is no clear relation between systolic time intervals and the various indices 
of myocardial performance. 
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CHAPTER 2- PATIENTS AND METHODS 
2. 1 Clinical data 
The present investigation includes 30 children and adolescents with a congenital 
valvular or membranous subvalvular aortic stenosis. In all patients the presence of a 
murmur was established before the age of 5 and none had a history suggestive of 
acute rheumatic fever. For technical reasons, only patients older than 7 years were 
selected for this study since the nature and the extent of the catheterization 
procedure made application in smaller children less feasible. Following right heart 
catheterization all underwent extensive left heart catheterization with simultaneous 
recording of external pulse tracings, phonocardiogram and electrocardiogram. The 
different quanti ties, their symbols and the units in which they are expressed in thi s  
study are summarized in  table 2. 1 .  The clinical data is  presented in  table 2.2.  
The history revealed that the majori ty of the patients had no complaints and 
was not restricted in physical activity. Five patients complained about distinct 
fatigability, dizziness or exercise intolerance but none presented with the "classic" 
symptomes of angina pectori s  or syncopes. In the course of this study one patient, a 
boy of 8 years, died suddenly some months after the catheterization while under 
physical and emotional stress. On physical examination a grade 3 to 4 ejecti on type 
systolic murmur was present in all patients with maximum intensi ty at the second 
right intercostal space, well transmi tted to the carotid arteries and accompanied by a 
systolic  thrill, signifying the presence of an aortic stenosis. Actually this  murmur was 
the reason for submi tting the patients for further examination. In all patients with a 
valvular stenosis  an aortic ejection click was present at the apex or the lower sternal 
border. Three patients had a soft high-pitched protodiastoli c  murmur at the second 
right intercostal space indicating aortic valve incompetence. The cardiac impulse was 
always maximal at the apex and in 5 patients there was a prominent left ventricular 
lift on palpation. On the basis of the growth chart of Van Wieringen et at. 2 15 as 
reference standard for height and weight measurements, the physical development of 
the patients was not different from that of a normal population. 
In each patient a phonocardiogram and carotid pulse tracing was obtained to 
confirm the auscultatory findings. In agreement with the findings of Gamboa et 
al 66 there proved to be no relationship between the time of the peak magni tude of 
the diamond shaped systolic murmur nor the degree of spli tting of the second heart 
sound and the left ventricular peak pressure. A reversed splitting of the second heart 
sound, i.e. an aortic closure sound following the pulmonic one, the interval decreas­
ing during inspiration, was observed in  3 patients. In most cases the carotid pulse 
tracing showed the characteri stic vibrations on the ascending limb ("cock's comb"). 
The electrocardiograms were evaluated using the criteria of Ziegler225, as 
modified by Nadas 145• The mean frontal plane QRS-axis was in each case within  the 
normal range and there were no abnormali ties in impulse formation and conduction. 
The same cri teria  were used to determine the presence or absence of ventricular 
hypertrophy. In addition, the electrocardiograms showing left ventricular hyper-
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trophy were div ided into two groups on the basis of either the presence or the 
absence of a strain pattern (flattened or inversed T-waves with or without ST­
segment d epression). According to these criteria the distribution of the patients was 
as follows: 
I. normal electrocardiogram, 17 patients; 
2. left ventricular hypertrophy by voltage criteria, 5 patients; 
3. left ventricular hypertrophy with strain pattern, 8 patients. 
An exercise electrocardiogram was obtained from 1 7  patients using a bicycle 
ergometer. The exercise test was terminated as soon as the patient was exhausted or 
earlier if the electrocardiogram showed an ischemic response in lead V6. Abnormal 
responses were considered to be flattening or inversion of a previously upright 
T-wave, and/or a ST-segment depression of 2 mm or more in l ead V6 84•99• In I out of 
1 2  patients with a normal resting electrocardiogram and in I out of 5 patients with a 
resting electrocardiogram showing left ventricular hypertrophy by voltage criteria an 
abnormal response to exercise was observed. In 17  patients a vectorcardiogram was 
made employing the Frank lead system 62. Special attention was paid to the 
magnitude of the maximum leftward spatial vector V. After determining the projec­
tion of this vector on the X, Y and Z axes, V was calculated from 
(2 . 1 )  
A value of more than 2 .5  m V indicates left ventricular hypertrophy 145 • In this 
patient-group V ranged from 1 .0 to 5 . 1 m V with a mean value of 3 m V. If the 
vectorcardiogram indicated left ventricular hypertrophy, this could be observed in 
the electrocardiogram as well, except in one patient with a normal electrocardiogram 
and a V value of 2.7 mY. No relationship was found between the magnitude of V 
and the left ventricular peak systolic pressure. In I I  patients the clzestroentgeno­
gram showed slight left ventricular enlargement. Patients with a valvular stenosis 
often had a dilatation of the ascending aorta, which was absent in patients with a 
subvalvular membranous stenosis. 
2 .2 Cardiac catheterization 
2.2 . 1 Introduction 
During cardiac catheterization simultaneous recordings have been made by invasive 
and non-invasive methods. Through invasive  techniques pressure tracings of the 
ascending aorta (P0 ) and the left ventricle (Pfv) were obtained. By non-invasive 
methods simultaneous recordings were made of the electrocardiogram (ECG),  the 
phonocardiogram (PCG), the carotid pulse tracing (CPT), the apexcardiogram (ACG) 
and respiration (resp). In addition to the simultaneous recordings dye dilution curves 
were made. The measurements were made under controlled conditions and in a 
number of patients also following provocative interventi on with angiotensin infusion 
(20 patients) and/or right atrial pacing (II patients). Tracings were obtained using a 
IS 
d irect writing multichannel recorder (Elema EMT 1 60) and the signals were stored 
on magnetic tape (Ampex FR- 1 300 A). For the simultaneous recordings a paper­
speed of  1 00 mm· s· 1 was used. 
2 .2.2 Anesthesia 
The first 5 patients were sedated with 2.5% pethidine and 5% promethazine, the dose 
being individually chosen. Restlessness in some children towards the end of the 
catheterization procedure, however, made it necessary to terminate the procedure 
prematurely. For this reason light general anesthesia was used in the o ther patients. 
As premedication 0.25  to 0. 50 mg atropine was given intramuscularly 45 min before 
the catheterization. Induction of general anesthesia was performed by intravenous 
administration of I 00 to 1 50 mg thiopenthal. To facilitate endotracheal intubation 
and to relieve vocal cord spasm, 50-75 mg succinylcholine was injected intravenous­
ly . Maintenance of  general anesthesia was achieved using a mixture of nitrous oxide 
(6 l·min- 1 ) and oxygen (3 l · min-1 ), from t ime to time supplemented with small 
amounts of intravenously administrated pethidine. This kind of anesthesia allows the 
patient to breath spontaneously. Since the general anesthesia was kept light local 
anesthesia with 1% lidocaine was used in addition prior to the venous and arterial 
cut-down. 
2.2 .3 Invasive methods 
Following a cut-do wn of the right antecubital vein, the tip of a F6 or F7 Pt­
electro de catheter was positioned in the pulmonary artery. This catheter was 
connected to a Statham P23Db pressure transducer, set at zero level 5 em below the 
sternal angle. The same catheter could also be connected to a dye injection device. 
A second catheter (Gensini F6 or F7) was introduced into one of  the femoral 
arteries using the Seldinger technique 183, and the tip advanced into the ascending 
aorta. The left ventricle was entered retrogradely by way of a cut-down of the right 
brachial artery using a Gensini F6 catheter in 1 7  patients and a F5 cathetertip-mano­
meter (Millar PC-350) in 1 3  patients. The position of the catheters is shown in 
fig. 2. 1 .  The fluid-filled aortic and left ventricular catheters were connected to a 
Statham P23H differential pressure transducer set at zero level 5 em b elow the 
sternal angle. When the cathetertip-manometer was used for left ventricular pressure 
measurements, only the aortic catheter was connected to the d ifferential pressure 
transducer. The zero level of the left ventricular pressure tracing obtained by the 
cathetertip-manometer was made equal to that of the aortic catheter. An example of 
two aortic pressure tracings obtained by the fluid-filled catheter manometer system 
and by the cathetertip-manometer is given in fig. 2 .2 .  
Dye dilutio n  curves were o btained b y  injecting 2 .5  mg indocyanine green into 
the pulmonary artery and sampling from the aorta (fig. 2.3) .  For that purpose the 
aortic catheter was connected to a suction device and a linear reflection densito­
meter as developed by Ten Hoor and Mook96• A sterile solution of 4.5% glucose and 
0. 1% NaCJ with 5 mg heparin per I 00 ml was used to fill the conventional catheter 
1 6  
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Fig. 2.1. Roentgenogram showing position of the catheters in patient No 26. 
A = cathetertip-manometer in the left ventricle, 
B = Gensini catheter in the ascending aorta, 
C = Pt-electrode catheter in the right pulmonary artery, 
D = bipolar electrode catheter in the right atrium, 
E = microphone fixed externally. 
manometer systems. Before each pressure measurement the system was thoroughly 
flushed with the same solution. According to the manufacturer the cathetertip­
manometer has a uniform ampli tude response to frequencies up to 20 kHz. The 
signal from the cathetertip-manometer passed through a differentiating circuit wi th a 
linear response up to 200 Hz to obtain the first derivative of the left ventricular 
pressure with respect to time (¥t\ 
At the end of the catheterization cine-angiocardiograms were made with con­
trast i njection i nto the left ventricle and the aortic root. 
2.2 .4 Non-invasive methods 
For the electrocardiogram the lead with the earliest and clearest Q-wave wa� taken. 
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Fig. 2.2. Recording of respiration (insp. t), electrocardiogram (ECG II), phonocardiogram {PCG), 
pulmonary artery pressure (Pap) and aortic pressure (Pa0) in patient No 1 8. The aortic pressure 
has been recorded in the ascending aorta by a fluid-filled catheter (Pao (F)) and by a cathetertip­
manometer (Pao (C)). The aortic incisura coincides in both tracings with the aortic component 
(II A) of the second heart sound, the incisura of the pulmonary artery pressure tracing coincides 
with the pulmonary component (II P) of the second heart sound. 
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Fig. 2.3. Dye dilution curve (A} obtained in patient No 30 by injecting 2.5 mg indocyanine green 
into the pulmonary artery and sampling from the aorta (c; = dye concentration). Curve B has been 
obtained by electronic integration of curve A and represents the area under the curve. The arrow 
indicates the moment at which the integration was ended. Because the dotted areas on the two 
sides of the arrow are equal, the integrator deflection at that time represents the area under the 
semilogarithmically extrapolated curve. 
cardiograms because of alternating current interference. In these cases the place o f  
the Q-wave was determined b y  measuring the Q-R interval from a n  electrocardio­
gram without interference taken before catheterization. The phonocardiogram was 
recorded with a crystal microphone (Hewlett-Packard 140 I I  A) using either a I 00 
or a 200 Hz cut-off frequency. The microphone was placed over the upper part of 
the precordium in a position optimal for recording the initial high frequency vibra­
tions· o f  the first and second heart sound. 
The caro tid artery pulse tracing was recorded with a funnel-shaped pick up 
connected to a pressure transducer (Statham P23Db) by a steel tube (length 4 em, 
internal diameter 4 mm). The funnel was placed over the carotid artery and the vent 
of the transducer then closed for recording the pulse. A Hewlett-Packard APT 1 6  
transducer was employed for recording the apexcardiogram. The respiration was 
recorded by a thermistor placed in front of one of the nostrils or inserted in the 
airway tube when general anesthesia was employed. To study a possible independent 
effect of the catheterization procedure on the systolic time intervals, simultaneous 
recordings Q.f the electrocardiogram, phonocardiogram, carotid pulse tracing and 
respiration were made within 48 h before catheterization in 20 patients. 
2 .2 .5  Provocative intervention 
As provocative intervention during cardiac catheterization angiotensin infusion was 
used in 20 patients and atrial pacing in 1 1  patients. The angiotensin was 
administrated by way of a left arm vein. The dose (0.50-2. 5  J.!g· min- 1 ) was chosen 
individually in order to obtain a considerable rise in aortic pressure at which point 
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the infusion rate was kept constant and the recordings were made. Recordings were 
also made during fixed rate atrial pacing, using a bipolar electrode catheter (Usci 
565 1 -5)  which was connected to an external battery powered stimulator (Vitatron 
triplextern MEP300). The catheter was introduced into the right antecubital vein 
together with the pulmonary artery catheter; and its tip positioned against the 
lateral right atrial wall. 
2.3 Measurements and calculations 
2.3 . 1 Cardiac output, pressures and derived quantities 
Cardiac output Q has been calculated from the dye dilution curves using the 
Stewart-Hamilton equation. Stroke volume Qlvs was obtained by dividing cardiac 
output by heart rate f For this purpose the heart rate was determined at the 
moment of dye dilution curve recording. In som e  patients this heart rate differed 
from the heart rate during the simultaneous recordings used for systolic time interval 
measurement. 
Left ventricular stroke work has been calculated according to the fol lowing 
equation: 
(2 .2) 
where Wtvs denotes left ventricular stroke work, Ptvs mean left ventricular systolic 
pressure, Ptved left ventricular end-diastolic pressure and Qlvs left ventricular stroke 
volume. 
The Plved was measured from high gain left ventricular pressure curves either as 
the minimum pressure immediately after the a-wave or at the moment of the abrupt 
systolic pressure rise. The average of I 0 end-expiratory measurements was used. The 
left ventricular-aortic peak systolic pressure d ifference P1v (max)- Pao (max) was 
measured from simultaneously recorded pressure curves. The mean systolic pressure 
difference Ptvs - Paos was obtained by planimetric integration, the average of  
5 measurements being used. 
The aortic valve area has been calculated according to the Gorl in and Gorlin 
equation 78: 
< Oaos > 
A = -----:�=:::;:::::==; 
44. 5 J Ptvs - p;;;; 
(2.3) 
where A denotes aortic valve area (cm 2 ), < flaos > "aortic valve flow", i.e. the mean 
systolic blood flow rate through the aortic ostium (ml·  s·1 ), 44.5 a constant and 
Ptvs - Paos mean systolic pressure difference across the aortic ostium (mmHg). 
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Fig. 2.4. Measurement of the left ventricular ejection time te (fiv) according to Godin and 
Godin 78, (patient No I I ). The ejection time is measured from the end of the isovolumic contrac­
tion (P1v = P00 (min)) to the moment at which the left ventricular pressure equals the aortic 
pressure at the incisura. The ejection time te (P00), measured from the upstroke point to the 
incisura of the aortic pressure tracing, is longer than the te (fiv ). 
- Qlvs 
< f2aos > = --
fe (Pfv) 
(2.4) 
where Qlvs denotes stroke volume (ml) and fe <f>tv) ejection time (ms), measured by 
means of 2 points on the left ventricular pressure tracing according to Gorlin and 
Gorlin 78• These authors obtained those points from left ventricular-aortic with­
drawal tracings by projecting the diastolic aortic pressure P00 (min) on the ascending 
limb, and the aortic pressure at the incisura on the descending l imb of the ventri­
cular pressure tracing. In this study the same principle was applied using simulta­
neously obtained pressure tracings (fig. 2.4 ). The ejection time te (P1v) is shorter 
than the ejection time measured from the carotid pulse tracing fe (C) or the aortic 
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pressure tracing le (P00) (see section 2.3 .2)  and was used only for calculating the 
aort ic valve area. 
Employing the quantities �vs - Paos and < Oaos >,the aortic valve resistance 
was calculated according to 
�vs- Paos 
Rao = --:.---
< Oaos > 
(2 .5)  
where R00 denotes aortic valve resistance. 
To allow inter-patient comparisons the quantities Q, Q/J,s• Wtvs and A were 
corrected for body surface area to obtain the cardiac index Q', the stroke index 
Oivs •  the left ventricular stroke work index W' and the aortic valve area index A'.  
The body surface area was determined according to Dubois and Dubois 1 7. 
In 8 patients the estimated maximum velocity of contractile element shor ten­
ing at zero load Vm ax was determined both at rest and during a provocative inter­
vention. To this end the pressure signal from the cathetertip-manometer was played 
back from the tape and filtered (Krohn Hite 200 Hz) to eliminate high fr equency 
noise. The filtered signal was fed into the x-input of an oscilloscope and at the same 
time into a logarithmic amplifier. The output signal of this amplifier was d iffer­
entiated and fed into they-input of the oscilloscope. Thus the x-axis represented P 
and they-axis the instantaneous ratio � /P. The descending limb of the thus obtain­
ed pressure-velocity curve was extrapolated manually to determine Vm ax (fig. 2 .5). 
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Fig. 2.5. Left ventricular pressure P plotted against the ratio �P. Extrapolation of the descending 
limb of the curve to P = 0 yields the maximum velocity of the contractile element shortening 
vmax· The right-hand curve is obtained using the analog computing system described in the text. 
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2.3 .2  Systolic time intervals 
The following time intervals were determined (figs. 2.6 and 2. 7). 
I. The total electromechanical systole tems was measured from the initial deflection 
of the Q-wave of the electrocardiogram to the first high frequency vibrations of 
the aortic component of the second heart sound. 
2. The left ventricular ejection time was measured 
a. externally: from the beginning of the upstroke of the carotid artery pulse 
tracing to the trough of its incisura (te) and 














1-lpe� I-- te --I 
I I I I .I 














I I I 
I I I 
Hpei 1-- le 
I I I 
I I I 
B 
Fig. 2.6. Measurement of systolic time intervals. Simultaneous recordings of the electrocardiogram 
(ECG II), phonocardiogram (PCG) and carotid pulse tracing (CPT) in patients No 27 (A) and 
No 26 (B). The total electromechanical systole tems is measured from the initial deflection of the 
Q-wave of the electrocardiogram to the first high frequency vibrations of the aortic component of 
the second heart sound (II A). The ejection time te is measured from the upstroke (U) of the 
carotid pulse tracing to the trough of its incisura (I). The pre·ejection time tpe is obtained by 
subtracting te from tems· The shaded areas represent the carotid pulse transmission time. In the 
recordings from patient No 27 the murmur is insignificant and the carotid pulse tracing has a 
normal contour. In this patient the peak systolic pressure difference across the valve was 
10 mmHg. The recordings of patient No 26 show a clear ejection type systolic murmur and a 
"cock's comb" in the carotid pulse tracing. The peak systolic pressure difference across the valve 
















3. The pre-ejection time was obtained 
a .  externally :  by subtracting te from fems Upe) and 
b. internally : by measuring the interval between the initial deflection of the 
Q-wave and the point where the upstroke of the left ventricular pressure tracing 
from the cathetertip-manometer reached the d iastolic aortic pressure Upe (P) ). 
� 4. The ratio t was calculated. e 
5 .  The electromechanical delay temd was measured using 3 methods: 
a. externally : from the initial deflection of the Q-wave to the first vibrations of 
the first heart sound Uemd (S)) and from the initial deflection of the Q-wave to 
the systolic upstroke point of the apexcardiogram Uemd (A )), and 
b. internally : from the initial deflection of the Q-wave to the systolic upstroke 
point of the left ventricular pressure tracing from the cathetertip-manometer 
Uemd (P)). 
6. The isovolumic contraction time five was measured using 3 methods: 
a. externally : from the first vibrations of the first heart sound to the upstroke of 
the carotid artery pulse tracing and correcting for pulse wave transmission 
delay (five (S)), and from the systolic upstroke point of the apexcardiogram to 
the upstroke of the carotid artery pulse tracing and correcting for pulse wave 
transmission delay (live (A )), and 
b. internally : from the systolic upstroke point of the left ventricular pressure 
tracing from the cathetertip-manometer, to the point where this tracing reach­
ed the diastolic aortic pressure (five (P)) . 
The correction of five (S) and five (A ) for pulse wave transmission delay was per­
formed by subtracting from the measured intervals the interval between the aortic 
component of the second heart sound and the trough of the incisura of the carotid 
artery pulse tracing. All time intervals were measured in 5 to I 0 consecutive cardiac 
cycles and then averaged. The beg inning and the end of a series of consecutive 
readings were selected so as to fall within one and the same respiratory cycle. Only 
tracings with clear wave forms and inflection points were utilized. 
According to Weissler ef al. 206• 2 1 1  the total electromechanical systole and its 
two subintervals, the ejection time and the pre-ejection time, are the most useful 
quantities from a technical point of view; their measurement relies on clearly 
delineated and reproducible temporal landmarks of the cardiac cycle as determined 
by non-invasive recordings. These landmarks are the onset of ventricular de polarisa­
tion, the upstroke point and the incisura of the carotid artery pulse tracing and the 
aortic component of the second heart sound. The pre-ejection time is composed of 
two parts: the electromechanical delay and the isovolumic contraction time. Two 
different non-invasive methods are available to determine these parts; one using the 
-
Fig. 2. 7. Simultaneou� recordings of respiration (insp. t), electrocardiogram (ECG II), phono­
cardiogram (PCG), left ventricular pressure (fiv), apexcardiogram (ACG), aortic pressure (P00) and 
carotid artery pulse tracing (CPT) in patient No 1 8, illustrating the measurement of systolic time 
intervals. The symbols denote the time intervals and are explained in the text. The shaded areas 
represent the carotid pulse transmission time. 
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first heart sound and the other using the systolic upstroke point of the apexcardio­
gram. A clear delineation of these points is an essential requirement for reliability of 
the methods. However, this requirement cannot always be fulfilled because of 
technical difficulties 2 1 1 •  
I n  this study both methods for determining the electromechanical delay and 
the isovolumic contraction time proved to be too unreliable for practical purposes 
(chapter 3).  Consequently, the total electromechanical systole, the ejection time and 
the pre-ejection time remained as the systolic time intervals which could be 
measured with accuracy by a non-invasive method. 
2 .3 .3 Correction of systolic time intervals for heart rate, age and sex 
Systolic time intervals are dependent on heart rate, on age and on sex. Regression 
equations relating systolic time intervals to age and heart rate, based on data from 
390 normal children aged one month to 1 3  years, have been published by Golde and 
Burstin 75 . In this age group there are no sex differences in the time intervals as there 
are in adults. Regression equations based on observations on 2 1 1 normal adults have 
been published by Weissler et al. 209. In order to obtain values which are inter­
comparable for patients studied and to obtain one and the same normal value for all 
individuals, the measured intervals were corrected for heart rate, age and sex. Start­
ing from the above mentioned regression data, the following method was used. 
The relation between systolic time intervals and heart rate in normal individuals 
may be expressed by the equation 
t = a · f""'" b (2.6 ) 
where t denotes time interval, f heart rate and a and b constants (fig. 2.8) .  The time 
interval t1 measured at a heart rate fi ,  can be corrected for a selected standard heart 
rate f* according to a line through point (jj , t1 ) parallel to the regression line. 
t (ms) 
-
Fig. 2.8. The line t = a  • f + b represents the regression line relating systolic time intervals and 
heart rate. Through point ([1 , t1 ) a line t = a  · f + b1 has been drawn parallel to the regression 
line. 
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Equation (2. 6) applies to the regression line; for a parallel line thus holds 
(2 .7)  
For the corrected time interval t* at a heart rate f* the following equation can be  
given 
t* = a ·  f* + b1 
From (2 .7)  and (2.8) it follows that 
t* = t + a (f* f) 
(2.8) 
(2.9) 
Weissler et a!. 207 refer to a standard heart rate f* = 0, resulting in corrected time 
intervals that do not represent physiological values. In this study the time intervals 
were referred to a standard heart rate f* = 80 according to 
t80 = t + a (80 - f) 
The regression equations published by Weissler et al. 209•2 1 1  are as follows. 
terns = - 2. 1 f + 546 ± 1 4  (males) 
terns = - 2.0 f + 549 ± 1 4  (females) 
te = - 1 .7 f +  4 1 3  ± 1 0  (males) 
fe 1 . 6 [ + 4 1 8 ± 1 0 (females) 
lpe = - 0. 4 f + 1 3 1  ± 1 3  (males) 
fpe = - 0. 4 f + 1 33 ± I I  (females) 
(2. 1 0) 
(2. 1 1 ) 
(2. 1 2) 
(2. 1 3 )  
(2 . 14 )  
(2. 1 5 )  
(2. 1 6) 
Application of the regression equations (2. 1 1  )-(2. 1 6) allows calculation of the 
normal value t11 at f* = 80. 
lerns(BO)n = 3 78 ± 1 4  
lerns(BO)n = 389 ± 1 4  
fe(BO)n = 277 ± 1 0  
fe(BO)n = 290 ± 1 0  
fpe(BO)n 99 ± 1 3  







According to equation (2 . 1 0) the measured time intervals are corrected fo r accord­
ing to the following equations. 
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fems(80) = lem s - 2 . 1 (80 - f) (males) (2. 1 7) 
lems(80) = lem s - 2 .0 (80 - f) (females) (2 . 1 8) 
le(80) = fe - 1 .7 (80 - f) (males) (2. 1 9) 
fe(80) = fe - 1 .6 (80 - f) (females) (2 .20) 
fpe(80) = lpe - 0.4 (80 - f) (males and 
females) (2.2 1 )  
Correction for sex can be effected by subtracting the normal difference between 
males and females at f = 80 from the obtained value in females at f* = 80. Thus the 
obtained value in females at f* = 80 can be corrected according to 
t;ms(80) = lem s(80) I I  
r;(80) = fe(80) - 1 3  




where tao is the measured interval corrected for heart rate and sex. In these cases it 
is obvious that one has to use the equations (2. 1 8) and (2.20) to calculate lems(SO) 
and le(80) · 
The foregoing corrections apply to adults. The regression data published by 
Golde and Burstin 75 were used in children to correct for heart rate and age. 
According to these authors there are no sex differences in children. The regression 
equations accord ing to Golde and Burstin have the following form. 
t = c · f + d · T + e  (2. 25) 
where t denotes time interval, f heart rate, T age and c, d and e constants. The 
correction equation for heart rate can be derived analogous to the derivation of 
equation (2.9). 
r80 = r + c (80 f) (2 .26) 
The equation expressing the relation between tso and age is obtained by substituting 
f = 80 in equation (2.25) .  
r8o = d · T + (80 c + e) (2.27) 
The aim of using correction equations is, as mentioned above, to obtain comparable 
values in all patients, as well as one and the same normal value. Starting from one 
and the same normal t80 for children and adults, the values obtained in children 
have to be corrected to a standard age. The standard age T* is the age for which tso , 
according to equation (2.27),  equals the normal value for adults (fig. 2 .9). 
t(SO)n = d • T* + (80 c + e) (2.28) 
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1 (80)n 
T * T (months) 
Fig. 2.9. The standard age T* can be derived from the intersection of the line tso = d • T + 
(80 c + e), which applies to children, and the line tso = t(SO)IP which applies to adults. 
or 
l(BO)n - (80 c + e )  T* = ...:.___:_ ____ _ 
d 
The correction equation for age is derived analogous to equation (2.9). 
tso = tao + d (T* - n 
The regression equations according to Golde and Burstin 75 are as follows. 
lems  = - 1 .66 [ +  0.65 T +  402 ± 1 4  
le = - 1 .3 5 f + 0.35 T + 337 ± 1 3  
fpe = - 0.32[ + 0.30 T + 6 5  ± 6 
(2.29) 
(2.30) 
(2.3 1 )  
(2.32) 
(2 .33) 
The standard ages calculated according to equation (2 .29) are 1 68 ,  1 3 7  and 
200 months respectively. Thus in children the ti me intervals can be corrected 
according to 
lems(80 ,  1 68) = lems - 1 .66 (80 - f) + 0.65 ( 1 68 - n 
le(80 , 1 3 7) = fe - 1 . 35  (80 - f) + 0.3 5 ( 1 37 - n 




The equations used for correction of the measured systolic time intervals for heart 
rate, age and sex are summarized in table 2.3 together with the corresponding 
normal values. 
Calculations were performed with the aid of a Wang 700 computer. 
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CHAPTER 3 - RESULTS 
3 . 1  Comparison between externally and internally measured systolic time intervals 
3 . 1 . 1  Introduction 
The potential value of systolic time intervals in predicting the severity of aortic 
stenosis emerges from the possibility to obtain these time intervals by non-invasive 
methods. In order to study the reliability of externally measured systolic time 
intervals as a reflection of intracardiac and intra-aortic events, the non-invasive 
method of time interval measurement has been compared with the invasive one. 
3 . 1 .2 Ejection time 
The values measured for te and fe (Pa0 ) are included in table 3 . 1  and presented in 
fig . 3 . 1 .  In each of the 30 patients a carotid artery pulse tracing allowing accurate te 
determination could be obtained, the values ranging from 230-342 ms. A fluid-filled 
catheter was used for measuring te (Pa0 ) in 1 5  patients and a cathetertip-manometer 
was used in 1 3  patients, the values range from 230-350 ms. In 2 patients, in which 
the aortic pressure tracing was recorded using a fluid-filled catheter, indistinct 
deflection points made accurate fe (Pao ) determination impossible. Fig. 3 . 1  shows 
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Fig. 3. 1 .  Correlation of the ejection time as measured from the carotid pulse tracing Cte) with the 
ejection time as measured from the aortic pressure tracing Cte (P00)); r = + 0.99. The interrupted 
line is the bisector of the co-ordinate system. 
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It follows from these data that the ejection time can be measured reliably from 
the carotid pulse tracing . 
3. 1 .3 Pre-ejection time and sub-intervals: electromechanical delay and isovolumic 
contraction time 
Pre-ejection time, electromechanical delay and isovolumic contraction time as 
measured by the various methods, are presented in table 3 .2  and figs. 3 .2 ,  3 .3 and 
3 .4. In I 0 out of 1 3  patients in which the left ventricle was catheterized using the 
cathetertip-manometer, a distinct upstroke point of the pressure tracing together 
with a reliable aortic pressure tracing allowed exact measurement of tP.e (P) , 
lemd (P) and live (P). The results are used as a reference in assessing the reliability of 
external measurements of the same time intervals : lpe • lemd (S), tem d (A ), live (S) 
and live (A ) . Only recordings obtained by the cathetertip-manometer were used to 
lemd (A) (ms) 
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Fig. 3.2. Relationship between the electromechanical delay as measured from the left ventricular 
pressure tracing (temd (P)), and the same time interval as measured from the apexcardiogram 
(temd (A), circles) and the first heart sound Ucmd (S), dots). The interrupted line is the bisector 
of the co-ordinate system. 
Fig. 3.3. Relationship between the isovolumic contraction time as measured from the left ventri­
cular pressure tracing (t;1,c (P)), and the same time interval as measured from the apexcardiogram 
(t;vc (A), circles) and the first heart sound Ct;vc (S), dots). The interrupted line is the bisector of 
the co-ordinate system. 
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avoid the pulse transmission delay which occurs in a fluid-fi lled catheter. No attempt 
was made to determine a time interval if the landmarks were not clearly delineated ; 
such was the case in  I out of I 0 phonocardiograms and in 3 out of 1 0  apexcardio­
grams. 
The femd (P) values are plotted against fem d (A ) and femd (S) in fig. 3 .2. The 
fem d (A ) values (range 20-40 ms) are nearly equal to femd (P) (range 20-40 ms) with 
a maxi mum difference of 5 ms. The fem d (S) values show a wide scatter (range 
40-86 ms) and are much higher than femd (P) with a maximum difference of 6 1  ms. 
Between five (A ) (range 35-78 ms) and five (P) (range 33-78 ms) the maximum 
difference is 8 ms (fig. 3 .3) .  The five (S) values show a wide scatter (range 2-3 5 ms) 
and are smaller than five (P), the maximum difference being 52 ms. Fig .  3 .4 shows 
fpe measured externally plotted against fpe (P) measured internally. These values are 
nearly equal, a maximum difference of 6 ms being found. A range of 53 to 1 1 2 ms 
was found for fpe (P) and of 5 5  to 1 1 3 ms for fpe· 
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Fig. 3.4. Relationship between the pre-ejection time as measured externally Ctpe) and internally 
(tpe (P)). The interrupted line is the bisector of the co-ordinate system. 
From these data one may conclude that the pre-ejection time can be measured 
reliably by non-i nvasive methods. The variable delay of the first heart sound relative 
to the upstroke point of the left ventricular pressure tracing , however, yields a great 
discrepancy between externally and internally measured electromechanical delay 
and isovolumic contraction time. The apexcardiogram allows accurate external 
measurement of the electromechanical delay and the isovolumic contraction time 
when it is technically perfect, and shows a clearly delineated upstroke point. In  
many cases, however, i t  proved impossible to  record a perfect apexcardiogram, 
including 3 of the 1 0  cases in which a cathetertip-manometer was used. On account 
of these results only the pre-ejection time was used systematically in this study. 
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3.2 Hemodynamic data and systolic time intervals 
3.2 . 1 Introduction 
The primary aim of this study was to evaluate the significance of externally 
measured systolic time intervals for predicting the severity of aortic stenosis. In this 
section the hemodynamic data are presented first, the simultaneously measured 
systolic time intervals next and finally they are correlated. An example of 
simultaneous recordings is shown in fig. 3 . 5 .  
3 .2 .2  Hemodynamic data 
The hemodynamic data are given in table 3 .3  A and B .  The cardiac index ranged 
from 2.9-6.5 I · min· 1 · m·2 (mean 4.3 l · min· 1 · m-2) and was in no case clearly sub­
normal. In patient No 5 the cardiac output could not be measured because the 
catheterization procedure had to be terminated because of restlesness of the patient. 
The peak systolic pressure difference ranged from 1 0- 1 1 0  mmHg (mean 46 mmHg). 
The aortic valve area index ranged from 0.42- 1 .83 cm2 • m·2 with a mean of  
0.7 8 cm2 · m·2 • In 28 patients the left ventricular end-diastolic pressure exceeded the 
upper normal limit of 1 2  mmHg; there was no distinct relation between the left 
ventricular end-diastolic pressure and the degree of outflow tract obstruction. The 
aortic valve resistance ranged from 0-5 0  M N · s· m·5 (mean 20 M N · s· m-5 ).  
3.2.3 Systolic time intervals 
The systolic time intervals, as measured during cardiac catheterization, have been 
given in table 3 . 1 .  The corrected ejection time ranged from 276-342 ms with a mean 
value of 308 ms. This is significantly longer than normal. The corrected total electro­
mechanical systole was also significantly prolonged, a mean value of 4 1 6  ms (range 
3 74-465 ms) being found. However, the mean corrected pre-ejection time did not 
significantly differ from the normal value (mean I 08 ms, range 73- 1 4 1  ms). Since, in 
the course of a cardiac catheterization heart rate may vary from time to time, the 
heart rate at the moment of the time interval measurement (table 3 . 1 )  differed in 
some cases from the heart rate as measured during the cardiac output determination 
(table 3.3 A). 
Of the two sub-intervals of the total electromechanical systole, the ejection 
time is much more heart rate dependent in normal individuals than is the case with 
the pre-ejection time. To determine if the relationship between ejection time and 
heart rate was also present in patients with aortic stenosis, the left ventricular 
ejection time was plotted against heart rate. Although the mean ejection time was 
prolonged, the inverse relationship between ejection time and heart rate was 
preserved (fig. 3 .6).  
Table 3.4 presents the values of [, tJms '  tJ and tpe as measured within 48 h 
before and during cardiac catheterization. Using the sign test, there proved to be no 
significant difference in mean heart rate and mean tJ before and during catheteriza-
33 
�-------- 15 --------� 
lnsp.t -------------------------------






Fig. 3 .5 .  Simultaneous recordings of respiration (insp. f) ,  electrocardiogram (ECG II), phono­
cardiogram (PCG), left ventricular pressure (P11,) ,  apexcardiogram (ACG), aortic pressure (P00) and 
carotid pulse tracing (CPT) in patient No I I . 
tion ;  mean t'Jms and fpe were both significantly though slightly prolonged during 
catheterization. Fig. 3. 7 illustrates the differences between corrected time intervals 
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Fig. 3 .6.  Relation between ejection time (te) and heart rate (f). r = 0.79. 
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Fig. 3 .7.  Relation between the corrected systolic intervals as measured before (control) and during 
cardiac catheterization (cath.). A. t:'ms ;  r = + 0.69 B. r;; r = + 0.55 C. r;e ; r = + 0.46 
The interrupted lines are the bisectors of the co-ordinate systems. 
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3 .2.4 Relation between hemodynamic data and systolic time intervals 
In this section it is tried to correlate the severity of aortic stenosis with the corrected 
systolic time intervals rtms •  t;, fpe a s  well as the ratio tpe lte . Since the peak systolic 
pressure difference as well as the aortic valve area index are currently used as an 
indication of the severity of outflow tract obstruction, both indices have been 
related to the time intervals. In addition the aortic valve resistance has been cal­
culated and related to the time intervals. The patients have been divided according 
to the criteria of Braunwald and Friedman 23, i. e. a group with severe aortic stenosis 
(peak systolic pressure difference > 50 mmHg or aortic valve area index 
< 0. 70 em 2 • m·2 ) and a group with mild aortic stenosis (peak systolic pressure 
difference ..;; 5 0  mmHg or aortic valve area index ;;;;. 0. 70 em 2 • m·2 • 
The results are shown in table 3 . 5  and figs. 3 .8-3 . 1 1 . In 3 patients it was not 
possible to calculate the aortic valve area because the cardiac output had not been 
determined (patient No 5) or because of the absence of a mean systolic pressure 
difference (patients Nos 1 3  and 1 8). As shown in table 3 . 5 ,  60% of the patients 
belong to the group with severe stenosis if the peak systolic pressure d ifference is 
used as the criterion,  and 48% if the aortic valve area index is used. 
The corrected total electromechanical systole t;ms  was prolonged in 1 9  out of 
30 patients (63%) and had a value within the normal range in the other patients. 
A wide scatter was found when t/irzs was plotted against the peak systolic pressure 
difference, the aortic valve area index and the aortic valve resistance (fig. 3 . 8). 
Among 1 2  subjects with a peak systolic pressure difference > 50 mmHg, 1 0  had a 
prolonged t;ms  and 2 a normal one. Of 1 8  patients with a peak systolic pressure 
difference ..;; 50 mmHg, 9 had a prolonged and another 9 had a normal t;ms  value. 
Among the 1 4  patients with an aortic valve area index < 0. 70 em 2 • m·2 , 1 2  patients 
had a prolonged t;ms  and 2 had a normal one. Among 1 3  patients with an aortic 
valve area index ;;;;. 0.70 cm 2 · m·2 , t;ms  was prolonged in 6 and normal in 7. Thus, 
although one may conclude that a normal ttm s  is some evidence for a peak systolic 
pressure d ifference .;;; 50 mmHg and that a prolonged ttm s  is some evidence for an 
aortic valve area index < 0. 70 em 2 • m·2 , there is considerable overlap between the 
groups with severe and mild stenosis. 
The corrected ejection time r; was prolonged in 1 9  out of 30 patients (63%) 
and was within the normal range in the others. Fig. 3 .9 shows the wide scatter when 
t; is plotted against the peak systolic pressure difference, the aortic valve area index 
and the aortic valve resistance. Among the 1 2  patients with a peak systolic pressure 
difference > 50 mmHg, I I  patients had a prolonged t; and I had a normal one. Of 
1 8  patients with a peak systolic pressure difference ,;;;; 50 mmHg, 8 had a prolonged 
and I 0 a normal r;. Among the 1 4  patients with an aortic valve area index 
< 0. 70 em 2 • m·2 , 1 3  had a prolonged t; and I had a normal one. Of 1 3  patients with 
an aortic valve area index ;;;;. 0. 70 em 2 • m·2 , 5 had a prolonged t; and 8 a normal 
one. From these data one may conclude that a normal t; is strong evidence against a 
peak systolic pressure difference > 50 mmHg or an aortic valve area index 
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Fig. 3.8. Relationship between the corrected total electromechanical systole r:m s and the peak 
systolic pressure difference f>tv (max) P00 (max) (A), the aortic valve area index A' (B) and the 
aortic valve resistance R00 (C). The solid line r:ms = 378 ms represents the normal value for the 
corrected total electromechanical systole (see table 2 .3) ; the horizontal, dotted lines indicate 
± 2 times the standard deviation. The points are marked by the patient number which is placed on 
the left. The vertical dotted lines in A and B divide the patients in a group with severe and a group 
with mild aortic stenosis. 
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Fig. 3.9. Relationship between the corrected ejection time r; and the peak systolic pressure differ­
ence �v (max) - P00 (max) (A), the aortic valve area index A' (B) and the aortic valve resistance 
R00 (C). The solid line r; = 277 ms represents the normal value for the corrected ejection time 
(see table 2.3); the horizontal, dotted lines indicate ± 2 times the standard deviation. The points 
are marked by the patient number which is placed on the left. The vertical dotted lines in A and B 
divide the patients in a group with severe and a group with mild aortic stenosis. 
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Fig. 3. I 0. Relationship between the corrected pre-ejection time r;e and the peak systolic pressure 
difference Ptv (max) P00 (max) (A), the aortic valve area index A'  (B) and the aortic valve 
resistance R00 (C). The solid line t*e = 99 ms represents the normal value for the corrected 
pre-ejection time (see table 2.3); the horizontal dotted lines indicate ± 2 times the standard devia­
tion. The points are marked by the patient number which is placed on the left. The vertical dotted 
lines in A and B divide the patients in a group with severe and a group with mild aortic stenosis. 
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Fig. 3 . 1 1 .  Relationship between the ratio tpefte and the peak systolic pressure difference 
P1v (max) - P00 (max) (A), the aortic valve area index A' (B) and the aortic valve resistance R00 
(C). The points are marked by the patient number which is placed on the left. The vertical dotted 
lines in A and B divide the patients in a group with severe and a group with mild aortic stenosis. 
40 
The corrected pre-ejection time tpe was in normal range in 25 and slightly 
prolonged in 5 patients. In no case tpe was shortened. Plotting tpe against the 
severity of  the stenosis results in a wide scatter (fig. 3. I 0). 
The tpelte ratio proved to be of no value in predicting the severity of the 
stenosis, as is clearly demonstrated in fig. 3 . 1 1 .  
One of the determinents of the ejection time is the stroke volume (see 
chapter 4). In normal subjects an increase in stroke volume is accompanied by an 
increase in ejection time. When the left ventricular ejection time was plotted against 
stroke volume in the present group of patients, this normal relationship proved to be  
absent. 
Two of the determinants of the pre-ejection time are the left ventricular end­
diastolic pressure and the diastolic aortic pressure (see chapter 4 ).  Increase in aortic 
diastolic pressure results in prolongation of the pre-ejection time, increase in left 
ventricular end-diastolic pressure is accompanied by a shortening of the pre-ejection 
time. When the aortic diastolic pressure minus the left ventricular end-diastolic 
pressure was plotted against the pre-ejection time, a wide scatter withou t any 
predicting value was observed in this group of patients. 
3.3 Provocative intervention 
3.3 . 1 Right atrial pacing 
3 .3 . 1 . 1  Hemodynamic data 
The hemodynamic data are given in table 3 .6  A and B. The mean heart rate 
increased from a control value of 79 min·' to 1 1 3 min" ' during pacing. According to 
the sign test there were no significant alterations in the systolic left ventricular and 
aortic pressure so that the peak systolic pressure difference remained unchanged. 
The left ventricular end-diastolic pressure decreased in all patients, with an average 
of 6 mmHg (fig. 3. 1 2). The diastolic aortic pressure remained constant in 4 patients 
and increased in the others from 5- I 5 mmHg (fig. 3. I 3). The developed pressure 
during isovolumic contraction (P00 (min) Plved) thus increased from a mean 
control value of 62 mmHg to a mean value of 76 mmHg during atrial pacing. 
The effect of atrial pacing on cardiac output is illustrated in fig. 3 . 1 4. In two 
patients a considerable increase and in the others a slight increase was observed. The 
stroke volume increased in the same two patients (Nos 6 and I 8) and decreased in 
the others. In  some patients slight changes in calculated aortic valve area were found. 
The left ventricular end-diastolic pressure and the d iastolic aortic pressure "returned 
to the prepacing level in 1 0-20 beats when atrial pacing was stopped (fig. 3 . 1 5) .  
3 .3 . 1 .2 Systolic time intervals 
The systolic time intervals are presented in table 3 .  7 .  The heart rate depend­
ency of the total electromechanical systole and the ejection time resulted in a 
significant shortening at higher heart rates during atrial pacing. However, the rate 
corrected values did not differ significantly. The pre-ejection time proved to be 
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Fig. 3. 1 2. Effect of atrial pacing on the left ventricular end-diastolic pressure Plved · The data is 
marked by the patient numbers. The dots represent control values, the circles values obtained 
during atrial pacing. 
Fig. 3 . 1 3. Effect of atrial pacing on the diastolic aortic pressure P00 (min). The data is marked by 
the patient numbers. The dots represent control values, the circles values obtained during atrial 
pacing. 
Fig. 3 . 14. Effect of atrial pacing on the cardiac output Q. The data is marked by the patient 
numbers. The dots represent control values, the circles values obtained during atrial pacing. 
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Fig. 3 . 1 5 .  Effect of atrial pacing on left ventricular pressure P1v ,  aortic pressure P00 ,  pulmonary 
artery pressure Pap and the rate of rise of left ventricular pressure � (patient No 22). When atrial 
pacing is stopped (arrow) Plved increases. The diastolic aortic and pulmonary artery pressure 
decrease considerably, as does the maximum �- After a transient decrease P1v (max) and P00 (max) return to the same level as during atrial pacing in 20 beats (not shown in this figure). 
rate-independent and was not significantly different before and during atrial pacing, 
according to the sign test. 
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3 .3 . 1 .3 Ventricular function curves, maximum rate of rise of left ventricular 
pressure � and estimated maximum velocity of contractile element shorten­
ing Vmax 
Ventricular function curves relating left ventricular end-diastolic pressure to 
stroke work are presented in fig. 3. 1 6. The left ventricular end-diastolic pressure 
decrease was accompanied by a decrease in left ventricular stroke work in all 
patients except patients Nos 6 and 1 8. The maximum rate of rise of left ventricular 
pressure was measured before and during atrial pacing in 5 patients, and in all these 
patients an increase was noted. Of the same patients the estimated maximum 
velocity of contractile element shortening increased considerably in 2 patients 
(Nos 1 8  and 28), a slight increase was noted in another 2 patients (Nos 26 and 29) 
and it remained unchanged in patient No 20 ( table 3 .8). 




�ved (mmHg )  
Fig. 3 . 1 6. Hemodynamic effects of  atrial pacing: left ventricular function curves. The data is 
marked by the patient numbers. The dots represent control values of left ventricular end-diastolic 
pressure Plved and left ventricular stroke work Wlvs• circles values obtained during atrial pacing. 
3.3 .2 Angiotensin infusion 
3.3 .2 . 1 Hemodynamic data 
The hemodynamic effects of angiotensin infusion are presented in tables 3.9 A 
and B. The mean heart rate d id not differ significantly from the control values. The 
rise in systolic aortic pressure was uniformly accompanied by a rise in systolic left 
ventricular pressure. The peak systolic pressure d ifference remained unchanged in 5 
and increased slightly in I patient In 1 4  out of 20 patients the left ventricular 
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Fig. 3 . 1 7. Changes in  systolic aortic pressure Pao (max) and peak systolic pressure difference 
�v (max) - Pao (max) during angiotensin infusion. The data is marked by the patient numbers. 
The dots represent control values, the circles values obtained during angiotensin infusion . 
pressure rose to a lesser extent than the aortic pressure, resulting in a slightly 
decreased peak systolic pressure difference (fig. 3 . 1 7) .  The mean left ventricular 
end-diastolic pressure increased from 1 8-25 mmHg. The mean cardiac output 
remained unchanged. In  1 0  patients a decrease and in the other 1 0  patients an 
increase in stroke volume was observed. The direction of the change was not related 
to the control values of left ventricular end-diastolic pressure. Disproportionate 
changes in mean systolic aortic valve flow and mean systolic pressure d ifference 
resulted in slight d ifferences in calculated aortic valve area in some patients. 
3 .3 .2 .2  Systolic time intervals 
The systolic time intervals during angiotensin infusion are presented in 
table 3 . 1  0. According to the sign test, there were slight but significant increases in 
rtms • te and t;. The mean pre-ejection time did not change significantly. Relation­
ship between changes in pre-ejection time and developed pressure during isovolumic 
contraction was slight and of no predicting value. The same conclusion applies to the 
relation between changes in ejection time and stroke volume. The ejection time 
increased in 1 3 , decreased in 4 and remained unchanged in 3 patients. Before angio­
tensin infusion the ejection time was prolonged in 1 2  and during angiotensin in­
fusion in 1 5  patients. 
3 .3 .2 .3  Ventricular function curves, maximum rate of rise of left ventricular 
pressure � and estimated maximum velocity of contractile element 
shortening Vmax 
Ventricular function curves relating left ventricular end-diastolic pressure to 






Fig. 3 . 1 8. Hemodynamic effects of angiotensin infusion: ventricular function curves. The data is 
marked by the patient numbers. The dots represent control values of left ventricular end-diastolic 
pressure Plved and left ventricular stroke work Wlvs• circles values obtained during atrial pacing. 
1 4  and decreased in 6 patients. The control value of the left ventricular end-diastolic 
pressure in patients with increasing stroke work was < 20 mmHg in I 0 patients and 
;;;. 20 mmHg in 4 patients. All 6 patients with decreasing stroke work had a control 
left ventricular end-diastolic pressure value of ;;;. 20 mmHg. The maximum rate of 
rise of left ventricular pressure � and the estimated maximum velocity of con­
tractile element shortening Vnzax are summarized in table 3 . 1 1 . Maximum value for � increased in 2, decreased in I and remained unchanged in 4 patients during 
angiotensin infusion, Vmax decreased in all patients except one. 
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CHAPTER 4 - DISCUSSION 
4. 1 Comparison between externally and internally measured systolic time intervals 
4. 1 . 1  Ejection time 
The exact determination of the left ventricular ejection time from the external 
carotid pulse tracing depends on a clear delineation of the upstroke and incisura! 
notch. In aortic valvular disease these landmarks may be delineated poorly 206• 2 1 1  
especially in older patients with calcification o f  the aortic valve and in patients with 
predominating aortic valve insufficiency 9 1 .  Calcification of the valve does not, how­
ever, usually occur in the pediatric age group 23• In the present study the carotid 
pulse tracing allowed ejection time measurement in all patients including those with 
a combination of aortic valve stenosis and insufficiency. The absolute values 
corresponded closely to the ejection time as measured from the aortic pressure 
tracing. This is in agreement with other studies 13 • 32 •56• 1 36•2 12 • 
4. 1 .2 Pre-ejection time and sub-intervals: electromechanical delay and isovolwnic 
contraction time 
Talley et a/. 1 96 compared, in dogs, the externally determined pre-ejection time with 
the internally determined pre-ejection time as measured from the Q-wave of the 
electrocardiogram to the point where left ventricular pressure equaled aortic dia­
stolic pressure. They found a close correlation when Ptved .;;;; 1 2  mmHg although the 
internally measured pre-ejection time was slightly longer than that measured ex­
ternally. When Ptved > 1 2  mmHg, there was increasing divergence of internally and 
externally measured pre-ejection time. In the present study the externally measured 
pre-ejection time proved to be practically equal to the internally measured one, 
despite elevated left ventricular end-diastolic pressure. 
Many investigators have employed the first heart sound to subdivide the pre­
ejection time into its two components 6, 7,24,42, 63 , 75 ,88, loo, 102, 1 38, 1 9 1 ,203 ,2o9 . The useful-
ness of the first heart sound in determining the two parts of the pre-ejection time, 
however, is restricted for technical and theoretical reasons. The first heart sound is 
composed of four major elements 197 of which the second one, consisting of high 
frequency vibrations and probably representing mitral valve closure, actually should 
be chosen to subdivide the pre-ejection time. The clear identification of this com­
ponent, however, has proved to be a recurring source of difficulty 100• 1 36• 1 38• 2 1 1 • 
Therefore the initial vibration of the first heart sound is usually chosen instead. Even 
this does not completely solve the problem. In fact, it is often difficult to determine 
accurately the time of onset of the first heart sound. The use of the first heart sound 
for identifying the electromechanical delay and the isovolumic contraction time is 
also disputable on theoretical grounds. The time of onset of the first heart sound is 
not,  in fact, a precise indicator of the beginning of left ventricular isovolumic con­
traction, since it occurs at varying time intervals following the onset of the contrac-
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tion 1 6•44• 1 18• 128• 129• 1 30• 1 8 1 •2 1 1 •223• In case the mitral component of the first heart 
sound can be clearly identified, and is used instead of the initial vibration of the first 
heart sound, the measured electromechanical delay is obviously prolonged at the 
expense of the isovolumic contraction time. The upstroke point of the left ventri­
cular pressure tracing from the cathetertip-manometer delineates the beginning of 
the isovolumic contraction. The initial vibration of the first heart sound always 
lagged behind by variable intervals as has been shown in table 3 .2  and figs. 3 .2 and 
3 .3 .  
The upstroke point of the apexcardiogram has been used as  well in  attempts to  
determine the electromechanical delay and the isovolumic contraction time56• 63• 75• 
100, 1 0 1 , 1 1 7• 1 50• 1 91 • 195 •209• According to some authors the upstroke point of the apex­
cardiogram precedes the point at which the left ventricular pressure starts to rise by, 
on the average, 20 ms56• 10 1 • 1 9 1 • 1 95 •  These findings differ from those of W illems et 
a/. 1 1 0•220 and Bush et a/. 32 who failed to show any delay between the onset of the 
upstroke of the apexcardiogram and the onset of the rise of left ventricular pressure. 
According to Weissler et a/. 203 the use of the apexcardiogram is limited by the 
following considerations: ( I )  an atrial filling wave on the apex cardiogram may 
obscure the onset of left ventricular systole; (2) the apical motion may be obscured 
by an abnormal chest configuration; (3) the variability in the timing of the onset of 
left ventricular motion by this technique is relatively large. In the present study the 
upstroke point of the apexcard iogram coincided with the onset of the left ventri­
cular pressure rise (table 3.2). The usefulness of the apexcardiogram, however, was 
limited by the fact that in some patients it proved to be impossible to obtain a 
reliable apexcardiogram. This may well have been caused by the supine position of 
the patient during cardiac catheterization, since the left lateral position is considered 
to be the optimal one for the recording of a reliable apexcardiogram 197. 
4.2 Hemodynamic data and systolic time intervals 
4.2. I Hemodynamic data 
The mean cardiac index of the patients studied was not significantly different from 
that found in normal children and adolescents 30•43• 192 • 199 . Other investigators have 
found a normal or slightly elevated cardiac index in patients with aortic stenosis23• 
24, 39, 2 14  
According to Braunwald and Friedman 23 most children with congenital aortic 
stenosis have a left ventricular end-diastolic pressure in the upper normal range. This 
contrasts with the findings in the 30 children of the present study, of which 28 
showed an elevated left ventricular end-diastolic pressure. Comparison with some 
other studies concerning children with congenital aortic stenosis also demonstrated 
that generally left ventricular end-diastolic pressure is normal or slightly elevated , 
but not as high as in the present study 39• 54• 65 .  The end-diastolic pressure is 
determined by the end-diastolic volume and the compliance of the left ventricle 26. 
A depressent effect of the anaesthetics on myocardial function accompanied by an 
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increase in end-diastolic volume, might explain the high values of end-diastolic 
pressure found in this study 76• Another explanation could be a d iminished com­
pliance in children with left ventricular hypertrophy. 
The maximum transvalvular systolic pressure d ifference and the aortic valve 
area, as calculated by means of the Gorlin orifice equation 78 , are both currently used 
as an index of the severity of aortic stenosis. To determine the transvalvular pressure 
difference, the left ventricular systolic pressure must be compared with the systolic 
central aortic pressure ; the use of a peripheral arterial pressure 4•79• 123• 1 3 1 • 1 75 • 1 79 will 
result in under-estimation of the pressure difference since the arterial pulse under­
goes considerable alterations as it travels to the periphery 58• 1 1 3• 1 5 1 • 1 69• 1 78 • 198• Since 
the maximum systolic pressure d ifference depends not only on the degree of 
stenosis, but on the transvalvular systolic flow as well, cardiac output determination 
is required together with the pressure measurements. Two additional factors which 
may influence the systolic pressure difference are the vascular resistance downstream 
from the stenosis and the contractile state of the myocardium 143• Increased vascular 
resistance results in a significantly greater increase in aortic pressure than in ventri­
cular pressure, thus reducing the pressure difference 1 62• 187• A strong positive 
inotropic intervention, like paired pacing, causes a marked increase in the pressure 
difference across a fixed aortic stenosis. Congestive failure or propanolol, on the 
other hand, diminish the pressure difference 143. Thus, the contractile sta te of the 
myocardium is an important consideration in the evaluation of patients on the basis 
of haemodynamic measurements. Reduction of the contractile index Vmax in severe 
aortic stenosis was found by Krayenbuehl et a!. 1 12 . It follows from these considera­
tions that the systolic pressure difference depends on different factors apart from 
the degree of stenosis and knowledge of these variables increases the reliability of 
the analysis of data pertaining to the severity of stenosis. 
The Gorlin orifice equation relates instantaneous aortic flow and pressure but 
leaves the peripheral vascular resistance and the contractile state of the myocardium 
out of consideration. Moreover, there are other objections against the Gorlin equa­
tion for the quantitation of aortic stenosis. Computation of aortic valve area involves 
the assumption that the blood flow rate across the valve is constant, that effects of 
blood viscosity and inertia are negligible and that the shape of the valve ts fixed 1 72• 
Presently available data does not permit exact determination of the magnitude of 
the error introduced by these assumptions. In patients with normal or insufficient 
aortic valves, the orifice of the open valve is not constant but varies throughout 
ejection as demonstrated by radiography 194• Similar data are not available for 
patients with aortic stenosis, but some studies indicate that the stenotic aortic valve 
does not necessarily behave as a fixed orifice 9•86• Aortic stenosis may result not only 
from fusion of valve cusps with fixed limitation of the orifice, but also from in­
creased stiffness of the valve cusps which restricts the opening motion 10• I n  the latter 
case, the increased pressure directed across the stiffened leaflets during exercise 
might increase the degree of opening of the valve 9• De Maria et a!. 1 33 compared the 
calculated aortic valve orifice with the actual aortic valve orifice as measured during 
operation in 1 2  patients with severe aortic stenosis and concluded that the calcu­
lated size of the orifice was approximately one-half the actual one. This discrepancy 
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is not surprising because neither the validity of the assumption that the flow rate 
across the valve is constant, nor the assumption that the effects of blood viscosity 
and inertia are negligible, are fulfilled. Blood viscosity will exert a more pronounced 
influence in severe stenosis whereas the influence of inertia is more prominent in 
near normal valves. Using an electromagnetic flow meter, the instantaneous blood­
flow rate can be measured, and relating the flow rate to the pressure d ifference one 
should obtain more reliable results. From these considerations one may conclude 
that both the systolic pressure d ifference and the computed aortic valve orifice have 
restricted value as indices of the severity of valvular aortic stenosis. 
I n  spite of these objections these quantities have been used in this study for 
practical reasons. In addition the aortic valve resistance was calculated according to 
equation (2.5). It should be noted that the aortic valve resistance is inversely related 
to the aortic valve area; also the pressure difference puts more weight on the calcu­
lated resistance than on the valve area, since for calculation of the valve area the 
square root of the pressure difference is used. From clinical experience i t  is known 
that the pressure difference alone already gives a reasonable impression of the 
severity of the stenosis. One can imagine therefore that the resistance may give an 
even better index than the calculated valve area. 
Cardiac output, stroke volume, stroke work and aortic valve area have been 
related to body size, for which the body surface has been used 17• Although, accord­
ing to Kravetz and Goldbloom 1 1 3a, the body surface area does not offer the best 
measure for normalisation, it is commonly used in cardiovascular studies; for this 
reason it was also used in this study. 
In a number of patients a cathetertip-manometer was used to obtain high 
fidelity pressure tracings, thus allowing determination of the contractility indices 
maximum ¥t and Vmax · This has been done in order to obtain information on  
myocardial function since the initial results of  the present study did not  indicate a 
clear relation between the systolic time intervals and the severity of stenosis. I t  
might be possible, a s  a matter o f  fact, that systolic time intervals are more depend­
ent on myocardial function than on the severity of the stenosis. Stroke volume and 
cardiac output are controled by four major determinants: ( l )  preload, (2) afterload, 
(3) contractile or inotropic state of the myocardium and ( 4) heart rate. The most 
difficult variable to assess is the contractile state of the intact ventricle. Cardiac 
output, stroke volume, ventricular end-diastolic pressure as well as ventricular end­
diastolic volume and ejection fraction are all influenced by the loading condition of 
the heart and are thus not direct and independent expressions of the inotropic 
contractile state of the myocardium. The contractile state of the myocardium has 
been defined by Mason et al. 1 34 as "the quality of ventricular performance at a given 
standard and constant set of loading conditions (preload and afterload), heart rate, 
and synergy of contraction". According to d ifferent authors, the rate at which 
ventricular pressure is developed, ¥t, reflects a fundamental property of the myo­
cardium but it is recognized that � is dependent on both preload and afterload in 
addition to myocardial contractility 1 34• 1 37a• 188•202 •2 1 9• Determination of the 
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maximum or peak � is, in principle, useful for the assessment of the direction of 
the change in contractility in response to an intervention in individual patients; � is 
not suitable for comparison of the contractile properties between patients 1 37 • How­
ever, also in the individual patient, the use of � alone is limited by the fact that 
during intervention the ventricular end-diastolic pressure and arterial diastolic 
pressure usually change 1 373• 
The basic property of muscle is the force-velocity relationship as described by 
Hill, who studied skeletal muscle 93• This relationship implies that the greater the 
load against which a muscle contracts, the slower the velocity of contraction. Force 
and velocity thus show an inverse relationship, with the resultant curve most 
frequently being hyperbolic. One end of the curve is defined by the smallest load the 
muscle cannot lift or shorten against, and is equal to the isometric force. The 
velocity of contraction against zero load is the maximum velocity Vmax and defines 
the other end of the curve. In practice, Vmax is an extrapolated value 80• Despite 
theoretical objections against applying force-velocity measurements to cardiac 
muscle 80• 146, studies in isolated muscle as well as the intact heart have demonstrated 
the practical usefulness of these determinations to detect changes in the inotropic 
state 80•97• 1 34 • 1373• 1 77. Starting from several assumptions 1373, muscle force as measured 
during isovolumic contraction is equated with and translated into intraventricular 
pressure P, and the velocity of contractile element shortening is found using the 
equation 
dP 
Vee = dt / CP ( 4. 1 )  
in which Vee denotes the velocity o f  contractile element shortening, � the first 
derivative of ventricular pressure and C a constant. Different values for C in the 
intact human heart have been proposed 80• 1373, and in practice this constant is taken 
to equal unity ( C = 1 ).  The relationship of Vee and P has been shown to be sensitive 
to small changes in inotropic state and relatively insensitive to changes in preload 
and afterload 80•97• 1 373• 
By recording a high fidelity left ventricular pressure tracing and its first 
derivative, it is possible to construct a curve relating instantaneous vee to the cor­
responding instantaneous isovolumic pressure. Extrapolation of the pressure-velocity 
descending limb to zero load allows estimation of the maximum velocity of con­
tractile element shortening Vmax . In the application of this technique, it is essential 
that pressure and � be accurately recorded, using a cathetertip-manometer. Since 
the relatively short isovolumic pressure-velocity segments of ejecting beats often 
cannot be extrapolated with great accuracy, determination of the average pressure­
velocity relation from a large number of beats is needed. Recently, Krayenbuehl et 
al. 1 1 2  concluded that identification o f  individual patients with impaired myocardial 
contractile function requires determination of Vmax both at rest and during an 
additional stress. 
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In the present study vmax was measured in a number of patients during atrial 
pacing (section 4.3) and angiotensin infusion (section 4.4). 
4. 2.2 Systolic time intervals 
The systolic time intervals are influenced by heart rate as well as by alterations in 
preload, contractility and afterload. Weissler et at. 206•2 1 1  have summarized the 
literature on the physiological basis of the use of systolic time intervals. Early animal 
experiments 1 05 • 1 64• 168•2 17•2 18 suggested a close relationship between the duration of 
the phases of the systole and the above mentioned factors, which was confirmed in 
animal experiments of more recent date27•20 1 • In  normal man the following relation­
ships have been established. 
( I )  Increase in heart rate (spontaneously or induced by atrial pacing or pharmaco­
logical agents) is accompanied by shortening of the total electromechanical 
systole and the ejection time 89• 120• 127• 166•208•209•2 12• Increase in heart rate due to 
atrial pacing or vagal block causes no alteration in pre-ejection time, but this 
time interval is shortened if the increased heart rate is caused by adrenergic 
stimulation 90• 120• 166• 
(2) Increase in stroke volume caused by increased ventricular filling (= increased 
preload) is accompanied by lengthening of the ejection time, shortening of the 
pre-ejection time and usually no change in total electromechanical systole8 1•87• 
212 
(3) Transient increase in afterload prolongs the ejection time and the pre-ejection 
time 90• 184•2 1 8, whereas transient decrease in afterload may also prolong the 
ejection time but shorten the pre-ejection time 182• 
( 4) Positive inotropic drugs (which cause little change in afterload) shorten the 
total electromechanical systole, the ejection time and the pre-ejection time89•90• 
1 19, 186,205 ,21 0_ 
The ratio of pre-ejection time to ejection time tpelte is relatively uninfluenced 
by heart rate within the range 50- 1 1 0  min- 1 and has been proposed as an expression 
of left ventricular performance 2•6• 7• 102• 122• 1 32•208• Diminished left ventricular per­
formance results in an increase in fpelte 2
08, closely related to the decrease in cardiac 
index and stroke index 122•208• In patients with valvular and non-valvular heart 
disease with a wide variation in functional impairment, Garrard et at. 68 found a 
significant negative correlation between tpelte and the ejection fraction. Ahmed et 
at. 3 have reported significant correlation between tpelte and the ejection fraction, 
and between tpelte and the maximum velocity of contractile element shortening in 
patients with left ventricular myocardial disease. These correlations were absent in 
subjects with valvular heart disease and intracardiac shunts3• 
The clinical applicability of systolic time interval measurements has been 
studied by several investigators in various d iseases. Recently information has become 
available on systolic time intervals in patients with acute myocardial infarction 45• 5 7• 
92•94• The reported results show discrepancies which may be explained only in part 
by differences in methods. However, a rather more important factor seems to be 
that the systolic time intervals are determined by various factors, often with 
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opposing effects. Some of these factors can only be measured by invasive methods. 
The diagnostic and prognostic significance of systolic time intervals in the individual 
patient with acute myocardial infarction is, according to these studies, limited 59• 1 63. 
As remarked in chapter 2, systolic time intervals depend in adults on sex, and 
in children on age. To obtain one and the same normal value for all individuals, 
including children and adults, a method to correct for heart rate, age and sex was 
developed, based on the regression equations of Weissler et a/. 209 and Golde and 
Burstin 75. By using these regression equations, which apply to normal individuals, it 
is assumed that the same relationship between systolic time intervals and heart rate, 
age and sex applies to patients with aortic stenosis; this assumption was made since 
no studies have been published concerning the real relationship between these 
quantities in patients with an aortic stenosis. The relationship between the corrected 
time intervals and the hemodynamic data is discussed in section 4.2 .3 .  
4.2.3 Relation between hemodynamic data and systolic time intervals 
Prolongation of the ejection time as measured from the external subclavian artery 
pulse in patients with aortic stenosis was demonstrated by Katz and Feil in 1 925 106. 
Since that time many studies have confirmed that the rate-corrected ejection 
time, as measured from the external carotid or brachial pulse tracing as well 
as from the internal aortic or brachial artery pressure tracing, is often pro­
longed in patients with an aortic stenosis8, 13, 1 5, 1 9,22,25,3 1 ,38,4 1 ,42,43,46, 55, 58, 69, 70,82, 
91 , 1 00, 102, 1 04, 144, 1 54, 1 57, 1 s8, 1 71 , 1 85 , 193,2 12 . The pre-ejection time has recently also been 
studied and frequently found to be shorter than normal 19• 100• 102•2 1 1 . The mechanism 
of the prolonged ejection time is not clear, but seems to be related primarily to the 
increased afterload 1 84. The shortening of the pre-ejection time, which in fact 
represents a shortening of the isovolumic contraction time, may be caused by an 
accelerated rise of the intraventricular pressure in addition to a diminished end­
diastolic pressure d ifference between the aorta and the left ventricle 100• 102• 1 37• 2 1 1 . 
Left ventricular decompensation in non-valvular heart disease is accompanied by a 
lengthening of the pre-ejection time and a shortening of the ejection time 2 1 1 . When 
valvular aortic stenosis is complicated by ventricular decompensation, which occurs 
far more often in adults than in children, the same directional changes occur. How­
ever, since the pre-ejection time is initially shortened and the ejection time prolong­
ed, the deviation caused by decompensation may normalize the systolic time inter­
vals21 1 , or diminish the abnormality in systolic time intervals as found in com­
pensated aortic valve stenosis 19. In aortic stenosis the degree of lengthening of the 
ejection time often exceeds the degree of shortening of the pre-ejection period, 
resulting in a prolonged total electromechanical systole; the ratio tpefte is often 
strikingly reduced 206•2 1 1 . A prolonged ejection time and a shortened pre-ejection 
time may also be present in patients with a considerable aortic insufficiency 1 5 • 144• 
21 1 • 2 1 2. According to Braunwald and Friedman 23 aortic regurgitation may occur in 
approximately one-fourth of the patients with aortic valvular stenosis, but if  present, 
it is usually minimal. 
Many attempts have been made to assess the degree of aortic stenosis from the 
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ejection time. Katz et a/. 107 demonstrated in dog experiments that the ejection time 
increased with the severity of the stenosis; similar observations were made by 
Wiggers2 16• To evaluate the usefulness of the systolic time intervals in predicting the 
severity of the stenosis, one has to quantitate the degree of stenosis by means of left 
heart catheterization. Since left heart catheterization did not gain wide acceptance 
before 1 960 140• 145 ,  most studies relating the degree of obstruction to the systolic 
time intervals date back to that time. Benchimol et at. 1 3 suggested that the 
determination of severity of aortic stenosis may be made with "some degree of  
accuracy" using the ejection time and the time interval between the carotid upstroke 
and the peak of the pulse tracing as criteria. In that study the severity of the stenosis 
was expressed by the peak systolic pressure difference or the aortic valve area as 
estimated during surgery. Robinson 1 7 1 and Braunwald et at. 24 report that carotid 
artery pulse tracings are less useful in assessing the severity and nature of an aortic 
valve lesion than in demonstrating the mere presence of obstruction. Correcting the 
ejection time for heart rate by the Bazett formula 12, Epstein and Coulshed 55 did 
note that all patients with a corrected ejection time of 3 60 ms or more had a peak 
systolic gradient of at least 45 mmHg, although several patients showed a smaller 
ejection time and a larger pressure difference. Several other studies have shown some 
degree of correlation between the peak systolic pressure d ifference or aortic valve 
area and the left ventricular ejection time in patients with aortic stenosis, but this 
relationship proved to be not substantial enough for reliable and in practice usefull 
prediction of the severity of aortic stenosis 3 1 •38•42• 70•82•9 1 • 100• 102• 1 82• Ibrahim et at. 100 
found a significant inverse relation between the peak systolic pressure difference and 
the isovolumic contraction time as measured externally and stated that the pressure 
d ifference and the severity of the stenosis could be obtained from external measure­
ments of the isovolumic contraction time and the ratio ejection time to isovolumic 
contraction time. Bache et at. 8 measured the ejection time from the aortic pressure 
curve simultaneously with other hemodynamic data in 40 patients with a valvular 
aortic stenosis. They found that the degree of prolongation of left ventricular 
ejection time above that predicted from stroke volume correlated closely with the 
aortic valve area. These investigators conclude that it is possible to predict, within 
9 5% confidence limits, the aortic valve area within ± 0. 1 6  cm2 by the measurement 
of cardiac output and duration of ejection when the ejection time is prolonged. If 
the ejection is not prolonged above the normal value for the measured stroke 
volume, the aortic valve area is greater than 0. 75 cm2 • According to the authors, left 
ventricular catheterization may be avoided in this way. Applying the procedure of  
Bache et at. 8 to our data gives a rather poor correlation between the difference of 
predicted and measured ejection time, and the calculated aortic valve area. It  should 
be noted that the majority of the data, concerning the relationship between systolic 
time intervals and the severity of aortic stenosis, refers to adult patients. No groups 
consisting exclusively of children have been investigated. 
To date, to our knowledge, the value of systolic time intervals in predicting the 
severity of the stenosis has not been critically investigated by simultaneous invasive 
and non-invasive recordings. In the present study systolic time intervals and hemo­
dynamic data have been measured simultaneously. Simultaneous measurement was 
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chosen because variations in cardiac function, either physiologically or caused by the 
catheterization procedure, might affect a possible relationship between the invasive 
and non-invasive measurements. In addition systolic time intervals have been 
measured within 48 h before cardiac catheterization. The differences between 
systolic time intervals as measured before and during catheterization are shown in 
table 3.4 and fig. 3. 7. Since the error of time interval measurement is estimated at 
5 ms 2 1 1 , differences in measurement before and during catheterization of up to 
10 ms are inherent to the technic used. D ifferences greater than lO ms,  however, 
have to be explained by differences in the functional state of the heart. This 
functional state may have been influenced by the catheterization procedure since a 
slight but significant prolongation of the mean corrected total electromechanical 
systole and the mean corrected pre-ejection time was found. Normal variations in 
the functional state of the heart might also affect systolic time intervals, but, to our 
knowledge, no studies concerning normal variations in systolic time intervals in one 
and the same patient have been published so far. 
Taking the mean value of the total patient group, the corrected ejection time 
and the corrected total electromechanical systole were significantly longer than 
normal. This is in agreement with the numerous studies mentioned in the beginning 
of this section (p. 5 3). The mean corrected pre-ejection time, however, was within 
the normal range. This is in contrast to the experience of other investigators who 
have found a shortening in adult patients with a compensated aortic stenosis 1 9• 100• 
102•2 1 1 • The relationship between systolic time intervals and the severity of aortic 
stenosis, as expressed by the peak systolic pressure difference, the aortic valve area 
index and the aortic valve resistance, is shown in figs. 3 .8-3. 1 1 . The best correlation 
is found between the corrected ejection time and the peak systolic pressure d iffer­
ence (r = + 0.49), and between the corrected ejection time and the aortic valve area 
index (r = - 0.55 ). The correlation between the time intervals and the severity of 
aortic stenosis did not improve when either the severity was expressed by the aortic 
valve resistance, or when the uncorrected time intervals or the time intervals obtain­
ed before catheterization were plotted against the severity of the stenosis. I t  is 
obvious from these data that, in our hands, the severity of an aortic stenosis cannot 
be predicted from the systolic time intervals. At best the results permit the con­
clusion that a normal corrected ejection time may be construed as strong evidence 
against a peak systolic pressure difference of more than 50 mmHg or an aortic valve 
area index of less than 0. 70 cm2 • m·2 • A prolonged corrected ejection time occurred 
in mild as well in severe stenosis. 
According to Weissler et a/. 2 1 1  left ventricular decompensation may diminish 
the abnormality in systolic time intervals as found in compensated aortic valve 
stenosis. In the pediatric age group, however, left ventricular decompensation rarely 
complicates aortic stenosis and clinical signs of this complication were absent in all 
patients studied. Although systolic time intervals undoubtedly reflect alterations in 
left ventricular performance, they are not suitable to characterize individual patients 
with an aortic stenosis of varying severity to any practical degree. It  should be noted 
that the deviation in systolic time intervals, as found by others in various diseases, is 
often very small, particularly if the deviation is taken as a percentage of the normal 
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value. From this it follows that measurement errors and, presumably, normal varia­
tion in time intervals in one and the same patient ,  may exert a relatively strong 
influence and have to be taken into account when systolic time intervals are used in 
assessing cardiac function. Moreover, although the time intervals have been corrected 
for heart rate, age and sex ,  o ther variables than the severity of aortic stenosis may 
have had a significant influence on their duration. Correction for variables such as 
stroke volume and mean aortic pressure, however, is not possible by non-invasive 
technics. 
The presented results indicate that the systolic time intervals do not deserve a 
place among the routine non-invasive methods to evaluate the severity of aortic 
stenosis. In this respect other non-invasive methods, for instance the electrocardio­
gram, are far more valuable, although cardiac catheterization still remains the only 
method permitting an accurate assessment of the severity of aortic stenosis. 
4.3 Right atrial pacing 
Bowditch 20 demonstrated in 1 87 1  that an increase in the rate of electrical stimula­
tion of the frog heart resulted in an increase in the strenghth of ventricular contrac­
tion. Woodworth 222 confirmed these observations, but subsequent animal studies 
suggested that an increase in heart rate primarily induced an increased velocity of 
ventricular contraction without a consistent increase in force 1 •40• 12 1 • 1 39. The effect 
of heart rate on force development of the human right ventricle was studied by 
Sonnenblick et al. 189 during open heart surgery. These investigators demonstrated 
an increase in the maximum rate of force development when the heart rate was 
increased, but they noted no significant effect on the peak contractile force. Recent­
ly , the estimated maximum velocity of contractile element shortening was found to 
increase significantly during atrial pacing, thus suggesting an increased contractile 
state2 1 •  
Since 1 965 atrial pacing has found wide application as an investigative technic 
in the study of electrophysiologic, hemodynamic and metabolic consequences of an 
increase in heart rate in the normal and abnormal heart 14• 60• 1 16• 120• 1 26• 1 76•21 3 • 
Especially in the evaluation of left ventricular function m coronary artery disease, 
right atrial pacing has proved to be of great value as a stress test 37, so, 124 • I ss , 1 s6, 1 90 • 
The normal response to an increase in heart rate by right atrial pacing includes a 
decrease in stroke volume, stroke work and left ventricular end-diastolic pressure. 
The cardiac output, left ventricular systolic pressure and mean arterial pressure 
remain unchanged 37, 1 24, 1 2s , 1 ss , 1 s6, 1 76. 
Pacing studies in adult patients with valvular aortic stenosis have been publish­
ed by Linhart 123• This investigator observed no changes in cardiac output or trans­
valvular pressure difference while stroke work, stroke volume and left ventricular 
end-diastolic pressure decreased. The post-pacing overshoot in end-diastolic pressure 
that was observed by Linhart, may be caused by a decrease in myocardial com­
pliance. Ventricular function curves made during atrial pacing were generally steeper 
in patients with aortic stenosis than in a normal control group. Three out of ten 
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patients showed an abnormal function curve with little change in stroke work or a 
decreasing value for stroke work at higher levels of end-diastolic pressure; two of 
these patients were operated upon but retained their pre-operative cardiac enlarge­
ment while in two other patients with normal function curves the heart size became 
normal following aortic valve surgery. The control level of end-diastolic pressure 
proved to be of no value as indication of the functional response of the myocardium 
during atrial pacing. The author concludes that atrial pacing is useful in the pre­
operative evaluation of patients with aortic stenosis. 
Although muscular exercise is probably the most sensitive, and surely the most 
physiologic manner to stress and evaluate the myocardium, an o ther provocative 
technic was used because most of the children were too young to coopera te during 
cardiac catheterization and general anesthesia was required. In this study the 
response to increasing heart rate by atrial pacing was evaluated in I I  patients in an 
attempt to obtain information on myocardial function. In  all patients the left ventri­
cular end-diastolic pressure decreased (fig. 3 . 1 2) .  This fall in left ventricular end­
diastolic pressure presumably reflects a diminished end-diastolic volume, caused by a 
loss of effective pump action of the left atrium during right atrial pacing 120 , 
together with the shorter filling time of the ventricle. The diminished end-diastolic 
volume results in a decrease of stroke volume and stroke work, thus preventing a 
significant rise in cardiac output during atrial pacing. The increased heart rate, on  
the other hand, has a positive inotropic effect from which an  increased cardiac 
output would be expected. Usually, however, cardiac output remains unchanged 37• 
124• 1 25 • 15 5 • 1 56• 1 76. This might be explained by a reflex mechanism in response to the 
changed hemodynamic condition resulting in a decrease in orthosympathic inflow 
into the heart. The assumption of an inhibition of this reflex mechanism during 
general anesthesia would provide an explanation for the rise in cardiac output during 
atrial pacing as has been observed in this study (fig. 3 . 1 4  ). The cause of the rise in 
aortic diastolic pressure observed in some patients is not clear but may be related to 
the decreased time for d iastolic drain into the periphery 120. 
In 5 patients in which a cathetertip-manometer was introduced into the left 
ventricle, maximum �f increased during atrial pacing (table 3 .8). In one of these 
patients Vnzax remained unaltered and in the o ther four Vnz ax increased. These data 
show that the increase in heart rate by atrial pacing does indeed exert a positive 
inotropic effect on the left ventricular myocardium. 
So called "paced ventricular function curves" were constructed by relating 
changes in left ventricular end-diastolic pressure to left ventricular stroke work 
(fig. 3 . 1 6). This technique should allow characterizing left ventricular function and 
permit separation of normal and abnormal response. A normal paced ventricular 
function curve is characterized by large changes in stroke work relative to small 
changes in left ventricular end-diastolic pressure 124• 125 • 1 5 5 .  However, absolu te values 
for the steepness of the normal curve in children are not available. In 9 out of  
I I  patients the stroke volume decreased during atrial pacing, resulting in  diminished 
left ventricular stroke work. In the other 2 patients an increase in stroke volume 
resulted in an increase of stroke work. Of these 2 patients one (No 6) had severe 
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aortic stenosis (P[v (max) - P00 (max) = 70 mmHg), the other one (No 1 8) mild 
stenosis (Pzv (max) - P00 (max) = 1 0  mmHg). In patient No 1 8  Vmax increased 
considerably : in patient No 28,  however, Vmax increased to the same extent but 
cardiac output rose only slightly and stroke volume decreased. These results 
demonstrate again that atrial pacing may have an inotropic effect on the left 
ventricle in patients with aortic stenosis; however, the data do not allow to separate 
normal from abnormal response. 
The total electromechanical systole and the ejection time both decreased at 
higher heart rates. The corrected values for these time intervals changed considerably 
in some patients, but the mean values for the total group remained unchanged. An 
increase in diastolic aortic pressure accompanied by a decrease in left ventricular 
end-diastolic pressure may increase the pre-ejection time;  an increase in �' on the 
other hand, may decrease the pre-ejection time. The opposing effect of these factors 
may result in an unaltered pre-ejection time 120, as has been shown in table 3. 7 .  
Slight changes i n  calculated aortic valve area were noted i n  some patients 
during atrial pacing (table 3 .6 B). If the stenosis is fixed, an assumption that has 
been doubted by some authors9•86, differences in calculated valve area before and 
during atrial pacing may be caused by the inaccuracy of the Gorlin equation in 
expressing the severity of the stenosis (p. 49). 
Linhart concluded from his study that atrial pacing may prove helpful in the 
preoperative assessment of patients with aortic stenosis 113. The data of the present 
study indicate that interpretation of the individual reaction to atrial pacing is 
difficult. Additional studies are necessary to determine the value of atrial pacing in 
the evaluation of the individual patient. 
4.4 Angiotensin infusion 
The hemodynamic effects of angiotensin in normal man have been studied by 
Sancetta 180 and by Yu et a/. 224 in 1 960 and 1 96 1 .  Since that time angiotensin has 
been employed to study left ventricular function by imposing controlled pressure 
loads on both the compensated and the failing heart 1 74 .  The accuracy and 
reproducibility of this stress test have, however, been questioned 1 52 • Angiotensin is 
a powerful systemic vasoconstrictor 1 53 which has hardly any effect on the 
pulmonary circulation and induces only small changes in systemic venous tone 1 73• 
180• It does not influence myocardial contractility when added to papillary muscle 
preparations, but has been shown to depress contractility in a right heart by-pass 
preparation 48• 6 1 • 1 1 1 • An increase in aortic pressure following angiotensin administra­
tion stimulates the baroreceptors, resulting in reduced cardiac sympathetic activity 
and increased vagal activity so that cardiac output. heart rate and stroke volume may 
be decreased 48•224• The normal response to the increased afterload includes an in­
crease in left ventricular end-diastolic pressure and stroke work. When these variables 
are related to each other, ventricular function curves can be constructed 48• 77• 1 52• 
1 74. Kravetz et a!. 1 1 5 found a broad range of left ventricular function curves in 
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I I  normal children. These authors were able to predict left ventricular stroke work 
from age, height and weight, using a linear regression formula based on 24 normal 
subjects 1 14• Relating left ventricular end-diastolic pressure to the measured stroke 
work divided by the predicted stroke work, a narrower normal range was found. In  
25% of  the subjects with left ventricular malfunction, this was detected only by 
increasing the afterload of the left ventricle with angiotensin, this test thus being a 
significant adjunct in detecting myocardial malfunction during cardiac catheteriza­
tion. 
The effect of angiotensin stress in patients with valvular or discrete subvalvular 
aortic stenosis has been studied by Perloff et at. 1 62 • Although the individual 
responses did not in all cases distinguish mechanical from myocardial influences, a 
clearer impression of the behavior of the left ventricle emerged when stroke volume, 
left ventricular end-d iastolic pressure, and ventricular function curves were con­
sidered together. 
In the present study afterload was increased by angiotensin in 20 patients. In 
the interpretation of the hemodynamic effects of this stress test it should be  kept in 
mind that the reaction of the circulation on angiotensin is  very complex. The follow­
ing physiologic mechanisms may play a part : ( I )  the increased aortic pressure may 
result in an increased end-diastolic volume causing an increase in stroke volume 
according to the Frank-Starling mechanism ; (2) the increased aortic pressure may 
give an increase in myocardial contractil ity (Anrep effect); (3) the increased aortic 
pressure may elicit a baroreceptor reflex resulting in a decrease of heart rate and 
contractility ; (4) the decreased heart rate may exert a negative inotropic effect .  
These, and perhaps other interacting mechanisms, accompanied by a possible in­
dependent effect of angiotensin on myocardial contractility 48•6 1 • 1 1 1 , determine 
cardiac performance during this provocative intervention. 
In the patients studied heart rate did not change uniformly ; it increased in 9, 
decreased in another 9 and remained constant in 2 patients. This is in contrast to the 
findings of Krovetz et a/. 1 1 5 who found an overall trend for the heart rate to 
decrease with increasing arterial pressure. An explanation for this difference could 
be the general anesthesia used in this study. The increase in aortic pressure was 
accompanied by a change in left ventricular systolic pressure that was similar in 
direction but usually smaller. This resulted in a slightly decreased peak systolic 
pressure difference in 1 4  patients (fig. 3. 1 7). According to Perloff et a/. 162, an 
already elevated left ventricular systolic pressure may approach its physiological 
maximum during the administration of angiotensin. This interpretation, however, 
seems to be of minor value in patients with mild stenosis. Assuming that the stenosis 
is fixed, a considerable decrease in the mean systolic pressure difference must have 
been caused by the decrease in aortic valve flow that was found in some patients, 
e.g. pat. No 26. In patient No 1 6 , however, the aortic valve flow increased con­
siderably. This increase was accompanied, however, by a slight decrease in the mean 
systolic pressure difference, so that the calculated aortic valve area increased. This 
thus suggests that the stenosis was not fixed (table 3 .9 B). 
During angiotensin infusion, the cardiac output decreased in 9 ,  increased in 
another 9 and remained the same in 2 patients. The stroke volume decreased in 1 3  
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and increased in 7 patients. Ventricular function curves, relating changes in end­
diastolic pressure to changes in stroke work, have been presented in fig. 3 . 1 8 . When 
the left ventricle reacts to an increase in pressure load with a decline in stroke 
volume and stroke work, accompanied by a marked rise in filling pressure , its per­
formance is obviously less adequate than that of a ventricle that responds to an 
equivalent pressure load with a maintenance of stroke volume, an increase in stroke 
work and a modest rise in end-diastolic pressure. The ventricular function curves 
must be interpreted in relation to the changes in cardiac output. A rise in stroke 
work accompanied by a rise in cardiac output indicates an adequate ventricular 
response to the increased pressure load (pat. Nos I ,  3, 7, 9, 1 6, 1 9, 24, 27 and 28); a 
decrease in stroke work and cardiac output indicates an inadequate response (pat. 
Nos I I , 1 2, 22, 23 and 30). An increase in stroke work may occur with a diminished 
cardiac output if a decrease in heart rate is accompanied by an unaltered (pat. 
No 1 3 ) or increased stroke volume (pat. No 4 ). In pat. No 26, on the other hand, the 
increase in heart rate is accompanied by such a decrease in stroke volume that stroke 
work is decreased; ventricular performance seems to be adequate, however, since 
cardiac output increases. 
No relation was found between the ventricular response to stress and the 
severity of the aortic stenosis. This experience is in agreement with that of Perloff et 
a/. 1 62, who found that the individual response did not in all cases distinguish valvular 
from myocardial influences. In 6 out of the 7 patients in whom Vm ax was 
determined, a reduced contractile state during angiotensin infusion was suggested by 
a decreased v1110x (table 3 . 1 1  ) . However, there is poor correlation between ventri­
cular function as determined by this method and by ventricular function curves. 
Transient increases in afterload prolong the pre-ejection time and ejection time in 
normal man 90• 1 84•2 1 8• In the present study a wide range in systolic time interval 
changes was found during angiotensin infusion. Also a slight, but significant increase 
in mean corrected electromechanical systole and mean corrected ejection time was 
found ; the mean corrected pre-ejection time did not change significantly. 
The results of the angiotensin stress test suggest that an impression of left 
ventricular function can be obtained when cardiac output, stroke work and left 
ventricular end-diastolic pressure are considered together. However, further 
experience, including pre- and postoperative investigation and long-term follow up 
of patients, is needed to assess the practical value of this test. 
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TABLE 2. 1 QUANTITIES AND UNITS 
Quantity 
Aortic valve area 




Body surface area 
Blood pressure 
Mean aortic pressure 
Systolic aortic pressure 
Diastolic aortic pressure 
Left ventricular end-diastolic pressure 
Systolic left ventricular pressure 
Mean left ventricular systolic pressure 
Peak systolic pressure difference ("peak systolic gradient") 
Mean systolic pressure difference ("mean systolic gradient") 
Cardiac output 
Cardiac index 
Mean aortic systolic blood flow rate 
Left ventricular stroke volume 
Left ventricular stroke index 




For heart rate, age and sex corrected time interval 
Ejection time of the left ventricle, measured from the 
carotid artery pulse tracing 
Ejection time of the left ventricle, measured from the 
aortic pressure tracing 
Ejection time of the left ventricle, measured from the 
left ventricular pressure tracing 
Total electromechanical systole 
Pre-ejection time of the left verrtricle, measured externally 
Pre-ejection time of the left ventricle, measured internally 
Electromechanical delay, measured from the apexcardiogram 
Electromechanical delay, measured from the left ventricle 
pressure tracing 
Electromechanical delay, measured from the first heart sound 
lsovolumetric contraction time, measured from the apex­
cardiogram 
lsovolumetric contraction time, measured from the aortic 
and left ventricular pressure tracings 
Isovolumetric contraction time, measured from the first 
heart sound 
Estimated maximum velocity of contractile element 
shortening 
Left ventricular stroke work 
Left ventricular stroke work index 
Symbol 
A 





























femd (A ) 
femd (P) 
femd (S) 























l · min"1 






















TABLE 2.2 CLINICAL DATA OF THE 30 PATIENTS STUDIED 
Age (years) Diagnosis c Ciles t roe11 tgeuogram Electrocardiogram VCG Remarks LV Ao Volt Hyp Str 
M 8 3/ 12  AS subvalv. - 7.6 + Died suddenly 
2 M 1 0  5 / 1 2  A S  subvalv. + 5.0 + 
3 M 13 3/ 1 2  A S  valv. 3.3 
4 F 1 0 I 1 / 12  AS valv. - 3.4 
5 M 7 4/ 12  AS valv. - 5 .0 + + 
6 M 13  5/ 1 2  AS valv + + 3 . 1  2.50 
7 M 9 8/ 1 2  AS valv. 3 .4 - 2.20 
8 M 16 6/ 1 2  AS valv. + AI sl . � + 6.6 + + 2.74 
9 M 7 9/ 1 2  AS valv. + 2.0 
10 M 9 1/ 12  AS valv. I AI sign. + + + 7.0 + + 3.89 
I I  M 10  5/ 1 2 AS valv. + + + 7.2 + 3.90 
12  F I I  9/ 1 2  AS valv. + ASD I I  - 6. 1  + + 3.66 Left to right shunt 20% 
13  M 9 1 0/ 1 2  AS valv. - 2.0 2.46 
14 F I I  AS subvalv. r AI sl. - + - 4.0 + 3.33 rev. spl. I I  
1 5  F 1 2  9/ 1 2  A S  valv. + AI sl . - + 3.0 2.28 
1 6  M 1 2  2/ 1 2  A S  valv. + + 5.0 + + 3.60 rev. spl. I I  
17  M 12 I 1 / 1 2  AS valv. - + - 5.6 + + 4. 1 0  rev. spl. I I  
1 8  M 14 1/ 12 AS valv. - 2.6 - 2.40 
1 9  M 1 0  AS valv. - � 1 .6 - 1 .03 
20 M 1 6  9/ 1 2  A S  valv. - 6.4 + ST I during exercise 
2 1  M 1 2  1 / 1 2  A S  valv. + + 5 .0 + + 5 . 1 0  
22 F 1 0  AS valv. + + 5 .5 + 3.50 
23 F 1 2  1 1 / 1 2 AS valv. + AI sl . - 3.3 - 1 .78 ST I during exercise 
24 M 9 10/ 1 2  AS valv. + + 2.3 - 2.70 
25 F 9 5/ 1 2  AS valv. � - + 4 . 1  
26 M 12  1 / 12  AS valv. - + + 3.5 
27 M 1 3  1 0/ 1 2  A S  valv. - - 3.2 
28 F I I  AS valv. - + + 5.0 + + 
29 M 13 1 0/ 1 2  A S  valv. - - - 2.5 
30 F 9 AS valv. - - - 2.5 
Abbreviations: AI sl. = slight aortic valve incompetence; AI sign. = significant aortic valve incompetence ; Ao = ascending aortic dilatation; ASD II = secundum 
type atrial septal defect; AS subvalv. = subvalvular, membranous aortic stenosis; AS valv. = valvular aortic stenosis; C = complaints; F = female; Hyp = hyper­
trophy; LV = left ventricular enlargement, M = male; No = patient number; rev. spl. I I = reversed splitting of the second heart sound; Str = Strain ; ST I = ST 
segment depression; VCG = maximum leftward spatial vector measured from the vectorcardiogram (mV); Volt = sum of the R-wave in V5 or V6 and the 
S-wave in V1 or V2 (mV). 
TABLE 2.3 EQUATIONS USED FOR CORRECTING SYSTOLIC TIME INTERVALS FOR HEART RATE, AGE AND SEX, BASED ON DATA FROM 
WEISSLER et a/. 21 1  AND GOLDE AND BURSTIN75 (SEE TEXT) 
Time interval "Standard" age Correction equation 
Normal value Standard deviation 
(ms) (months) (ms) (ms) 
< 1 68 months: r:ms = tems 1 .66 (80 - f) + 0.65 ( 1 68 T) 14 
fei1H 168 males > 168 months: r:ms = tems 2. 1  (80 - f) 378 14 
females > 1 68 months· r:ms  = tems 2.0 (80 - f) - I I  14  
< 1 37 months: r: = te - 1 .35 (80 f) + 0.35 ( 1 37 T) 13  
tc 137 males > 137 months· r: = te - 1 .7 (80 f) 277 1 0  
females > 1 3 7  months: r: = te - 1 .6 (80 - f)  - 13  1 0  
< 200 months: r;e = tpe - 0.32 (80 - f) + 0.30 (200 - T) 6 
tpe 200 males > 200 months: r;e = tpe - 0.4 (80 - J) 99 1 3  
females > 200 months: tpe = tpe 0.4 (80 - f) - 2 I I  
TABLE 3 . 1  VALUES OF terns• te AND tpe AS MEASURED DURING CARDIAC CATHETERIZATION 
Patient No f lems r:ms te te (Pao) t* e 
1 1 5 327 429 24 1 239 296 
2 1 0 1  330 392 270 - 302 
3 80 380 385 300 295 300 
4 80 350 374 280 280 282 
5 84 330 388 270 270 292 
6 64 4 1 7  394 336 340 308 
7 1 07 304 382 240 230 283 
8 100 366 408 285 290 3 1 9 
9 1 1 3 334 437 255 266 3 14 
1 0  77 383 4 1 6  32 1  3 14 326 
I I  90 362 406 28 1 280 298 
1 2  74 237 444 342 350 3 19 
1 3  90 395 444 300 300 320 
14 98 395 448 307 305 333 
1 5  82 438 45 1 324 327 3 14 
1 6  I l l  360 425 260 3 1 2  
1 7  95 380 4 1 3  280 280 305 
1 8  75 400 389 300 300 29 1 
1 9  1 1 0 32 1 402 230 230 276 
20 98 375 4 1 2  280 280 3 10 
2 1  65 392 382 330 330 304 
22 90 400 447 305 305 324 
23 86 4 1 0  428 330 330 326 
24 97 365 425 3 1 0  3 1 0  339 
25 97 386 450 280 280 3 1 1  
tpe r;e tpel te 
86 127 0.35 
60 89 0.22 
80 92 0.26 
70 90 0.25 
60 94 0.22 
8 1  87 0.24 
64 98 0.26 
8 1  89 0.28 
79 1 2 1  0.30 
62 88 0. 1 9  
8 1  106 0.28 
95 1 1 0 0.27 
95 1 22 0.3 1 
88 1 14 0.28 
1 1 4 128 0.35 
1 00 1 26 0.38 
1 00 1 1 8 0.35 
1 00 107 0.33 
9 1  1 24 0.39 
95 102 0.33 
6 1  73 0. 1 8  
95 1 22 0.3 1 
80 95 0.24 
55 85 0 . 17  
1 1 0  141  0.39 
26 95 370 409 290 290 3 1 5  80 10 1  0.27 
27 90 383 400 270 269 287 1 13 1 26 0.41 
28 93 385 429 286 287 305 99 1 24 0.34 
29 70 407 395 307 303 293 1 00 107 0.32 
30 1 14 359 465 277 277 342 82 1 22 0.29 
x 9 1  375 4 1 6  290 29 1 308 85 108 0.29 
SD 1 4  33 25 28 28 16 1 6  1 7  0.06 
II 30 30 30 30 28 30 30 30 30 
x ==  mean value; SD = standard deviation; 11 = number of measurements. 
TABLE 3.2 COMPARATIVE VALUES OF ELECTROMECHANICAL DELAY, ISOVOLUMIC CONTRACTION TIME AND PRE-EJECTION TIME AS 
MEASURED BY INVASIVE AND NON-INVASIVE METHODS DURING CARDIAC CATHETERIZATION 
Patient No f temd (S) femd (A) temd (P) t1vc (S) t1vc (A) five (P) fpe (P) tpe 
1 9  1 10 65 35 40 26 56 48 88 9 1  
20 98 60 24 25 35 7 1  72 97 95 
23 86 65 28 1 5  - 46 74 80 
24 97 40 20 20 1 5  35 33 53 55 
25 97 - - 30 - - 75 1 05 1 1 0 
26 95 60 40 40 20 40 40 80 80 
27 90 83 35 34 30 78 78 1 1 2 1 1 3 
28 93 70 - 27 29 - 7 1  98 99 
29 70 86 30 25 1 4  70 78 103 1 00 
30 1 1 4 80 29 30 2 53 54 84 82 
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1 5  140 
10  1 25 
20 1 60 
1 0  125 
1 5  1 50 
1 6  145 
I S  125 
20 1 85 
I S  105 
1 8  175 
20 1 30 
22 145 
1 7  90 
14 I SO 
2 1  I SO 
1 5  1 65 
1 5  175  
17  1 1 5 
2 1  130 
1 6  130 
20 135 
20 I SO 
27 1 80 
2 1  130 
14 135  
Pa0 (max) Pa0 (min) 
mmHg mmHg 
1 1 5  
1 10 
1 25 
1 1 0 
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TABLE 3.3 B HEMODYNAMIC AND ANTHROPOMETRIC DATA 
Patient No A A
' ��'lvs Rao Wivs I M 0 
(cm2) (cm2 · m"2) (J) (M N· s·m"5) (J ·m-2)  (em) (kg) (m2) 
0.75 0.70 0.82 2 1  0.77 1 37 30 1 .07 
2 0.99 0.88 0.87 1 5  0.77 136 32 1 . 1 2  
3 0.7 1 0.50 1 .30 29 0.95 1 58 44 1 .41  
4 1 . 13  0.87 1 .00 1 3  0.8 1 1 54 39 1 .29 
5 - - - - 1 2 1  1 9  0.8 1 
6 0.87 0.62 1 .60 23 1 . 1 5  1 58 42 1 .39 
7 1 .60 1 .30 1 .0 1  7 0.83 1 5 1  34 1 .23 
8 1 .23 0.75 2.7 1 1 8  1 .65 1 62 60 1 .64 
9 1 . 16  1 . 1 9  0.66 1 0  0.68 1 3 1  26 0.97 
10 0.53 0.51 1 .32 50 1 .28 138 27 1 .04 
I I  0.85 0.70 0.97 20 0.80 1 45 34 1 .20 
1 2  0.72 0.54 1 . 1 8  24 0.89 1 53 40 1 .32 
13 - 0.53 0 0.42 1 50 36 1 .25 
14  0.95 0.72 1 .32 22 1 .00 1 58 38 1 .32 
1 5  0.69 0.48 1 .26 30 0.89 1 64 41  1 .4 1  
16  0.97 0.58 1 .63 2 1  0.97 1 65 6 1  1 .67 
1 7  0.84 0.54 1 .49 27 0.97 1 60 53 1 .54 
1 8  - 1 .39 0 0.85 1 7 1  57 1 .65 
1 9  1 .55 1 .42 0.83 6 0.76 140 30 1 .09 
20 1 .05 0.67 1 . 16 1 5  0.74 1 69 5 1  1 .57 
21 0.97 0.82 1 .29 1 8  1 .09 1 37 38 1 . 1 9  
22 0.74 0.53 1 .24 27 0.89 1 63 4 1  1 .39 
23 0.66 0.42 1 .85 39 1 . 1 8  1 68 53 1 .57 
24 0.74 0.69 1 .02 25 0.95 144 28 1 .08 
25 0.55 0.53 0.56 26 0.53 1 30 3 1  1 .05 
TABLE 3.3 A HEMODYNAMIC DATA (continued} 
PJI!cnt No f Q d' Ql••s Qi11s Ph, (max) pl••ed �vs P00(m11x) P00 (min) Pao P11, (max) P00 (max) pll's - Paos 1c (PJvl (nun· • )  (l .mm·t ) ( l·mm·• .m-'l) ml (ml·m·l) mmHg mmHg mmHg mmHg mmHg mmHg mmHg mmHg m• 
26 92 7.2 6.2 78 67 200 24 1 80 1 1 5 80 1 1 0 85 70 270 
27 9 1  6.2 4. 1 68 45 1 25 1 8  1 1 5 1 1 5  85 1 1 0 10  5 250 
28 90 4.5 4.2 50 46 1 70 1 7  1 5 5  1 25 95 1 1 5 45 40 260 
29 67 5.7 4.0 85 60 135 13  120 1 1 5 85 1 05 20 1 5  270 
30 1 1 6 4.5 4.5 39 39 145 25 130 1 20 90 1 1 0 25 20 250 
x 88 5 .5  4.3 63 48 1 60 1 7  14 1  1 14 83 1 06 46 35 259 
SD 13 1 .5 0.8 16  8 28 4 23 1 0  8 9 25 20 26 
n 30 29 29 29 29 30 30 30 30 30 30 30 30 30 
x =  mean value; SD = standard deviation; n  = number of measurements. 
TABLE 3.3 B HEMODYNAMIC AND ANTHROPOMETRIC DATA (continued) 
Patient No A A '  li'Jvs Rao w;,. .. I M 0 
(cm1) (cm1 · m"1) (J) (M N·s·m-5 )  (J · m"1) (em) (kg) (ml) 
26 0.77 0.66 1 .87 32 1 .60 1 42 34 1 . 1 7  
27 2.72 1 .83 1 .04 24 0.70 1 6 1  49 1 .49 
28 0.68 0.63 1 .03 27 0.96 1 04 29 1 .07 
29 1 .82 1 .30 1 .36 6 0.97 ! 5 8  44 1 .40 
30 0.78 0.78 0.67 1 7  0.67 1 33 26 1 .01 
x 1 .00 0.78 1 .20 20 0.92 1 48 38 1 .28 
SD 0.46 0.33 0.45 1 1  0.26 1 5  10  0.22 
II 27 27 29 29 29 30 30 30 
.f = mean value; SD = standard deviation; n = number of measurements. 
TABLE 3.4 COMPARISON OF r:ms• r:, tpe AND /MEASURED WITHIN 48 HOURS BEFORE CARDIAC CATHETERIZATION AND DURING CARDIAC 
CATHETERIZATION. (In patients Nos I ,  2, 3 and 5 local, in the other patients general anesthesia was employed.) 
Patient No /(min- 1 )  r:ms (ms) r: (ms) tpe (ms) c A L1 c A L1 c A Ll c A Ll 
1 05 I I S + I O 4I4  429 + I S 287 296 + 9 1 26 1 27 + I 
2 1 1 5 J O I  - 14 4 1 6  392 - 24 3 1 1  302 - 9 1 03 89 - 14 
3 90 80 - 10 377 385 + 8 302 300 - 2 85 92 + 7 
5 1 1 1  84 -27 393 388 - 5 292 299 + 7 94 93 - I 
7 1 1 7 1 07 - IO  385 382 3 297 283 - 14 87 98 + 1 1  
8 86 1 00 + 14 378 408 +30 292 3 1 9  + 27 86 89 + 3 
9 90 1 1 3 + 23 405 437 +32 293 3 1 4  + 2 1  1 1 0 1 2 1  + 1 1  
1 0  65 77 + 1 2 409 4 1 6  + 7 330 326 - 4 77 88 + 1 1  
1 1  77 90 + 1 3 395 406 + I I  300 298 - 2 94 1 06 + I 2 
1 2  82 74 - 8 420 444 + 24 305 3 1 9  + !4 1 03 1 1 0 + 7 
1 6  89 I l l  + 22 409 425 + 1 6 290 3 1 2  + 22 1 24 1 26 + 2 
1 7  70 79 + 9 40 1 40 1 + 0 327 298 29 76 1 08 +32 
1 8  90 75 - 1 5  36 1 389 +28 267 29 1 + 24 1 02 1 07 + 5 
1 9  90 1 1 0 + 20 387 402 + ! 5  289 276 - 1 3  97 1 24 + 27 
23 75 86 + 1 1  420 428 + 8 309 326 + 27 1 0 1  95 - 6 
24 97 97 + 0 4 1 0  425 + 1 5  3 1 4  339 +25 95 85 - 10 
25 90 97 + 7 406 450 +44 301 3 1 1 + 1 0 1 03 14 1  +38 
28 90 93 + 3 391  429 +38 309 305 4 80 1 24 +44 
29 75 72 - 3 359 395 +36 29 1 293 + 2 74 107 +33 
30 90 1 14 + 24 427 465 +38 322 342 + 22 1 03 122 + 19 
-� 89 93 398 414  301  307 96 1 07 
SD 1 4  24 1 9  23 1 5  1 7  1 4  1 6  
ll 20 20 20 20 20 20 20 20 
C = control; A =  anesthesia; !::. = difference in value with and without anesthesia; x = mean value; SD = standard deviation; n = number of measurements. 
TABLE 3.5 RELATION BETWEEN SYSTOLIC TIME INTERVALS AND SEVERITY OF AORTIC STENOSIS 
�v (max) - P00 (max) ( mmHg) A' (cm2 ·m"2) 
.;;;; 50 > 50 Total ;;;. 0.70 < 0.70 Total 
Number of patients: I 8 (60 pet.) 1 2  (40 pet.) 30 ( 1 00 pet.) 13 ( 48 pet.) 14 (52 pet.) 27 ( 1 00 pet.) 
* t 9 (30 pet.) I 0 (33 pet.) 1 9 (63 pct.) 6 (22 pet.) 1 2 (45 pct.) 1 8 (67 pct.) fems = 9 (30 pet.) 2 ( 7 pet.) I I  (37 pet.) 7 (26 pet.) 2 ( 7 pet.) 9 (33 pet.) 
l 0 (  0 pet.) 0 ( 0 pet.) 0 ( 0 pet.) 0 ( 0 pet.) 0 ( 0 pet.) 0 (  0 pet.) 
8 (26 pet.) I I  (37 pet.) 19 (63 pet.) 5 ( 1 9  pet.) 1 3 (48 pct.) 18 (67 pet.) 
t* e = 10 (34 pet.) I ( 3 pet.) I I  (37 pet.) 8 (29 pet.) I ( 4 pet.) 9 (33 pet.) 
0 (  0 pet.) 0 ( 0 pet.) 0 ( 0 pet. 0 ( 0 pet.) 0 ( 0 pet.) 0 ( 0 pet.) 
t 3 ( I  0 pet.) 2 ( 7 pet.) 5 ( 1 7  pet.) 2 ( 8 pet.) 3 (I 0 pet.) 5 ( I  8 pet.) tpe = 1 5  (50 pet.) I 0 (33 pet.) 25 (83 pet.) I I  (41 pet.) I I  (4 1 pet.) 22 (82 pet.) 
l 0 (  0 pet.) 0 ( 0 pet.) 0 ( 0 pet.) 0 ( 0 pet.) 0 ( 0 pet.) 0 ( 0 pet.) 
f ,  = or l indicates a higher than normal, a normal, and a lower than normal value. 

TABLE 3.6 A HEMODYNAMIC EFFECTS OF ATRIAL PACING 
f Q d' PJticnt No (nun'' ) ( l .mm 1 )  ( l .mm· t . m'2 ) 
6 Control 64 5.5 
Paced 120 I 0.5 
1 2  Control 75 4.6 
Paced 1 02 5.0 
13 Control 84 3.7 
Paced 1 1 3  4.2 
1 5  Control 78 4.9 
Paced 109 5.3 
1 8  Control 75 6.8 
Paced 105 1 0.6 
20 Control 94 6.3 
Paced 1 29 6.5 
22 Control 82 5 . 1  
Paced 125 5.6 
23 Control 78 6.0 
Paced I 02 6.8 
26 Control 92 7.2 
Paced 1 26 7.9 
28 Control 90 4.5 
Paced 1 26 5 .4 
29 Control 67 5.7 
Paced 94 6.3 
Control x 79 
SD 9 
Paced x 1 1 3  































-� = mean value; SD - standard deviation. 
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1 6  1 45 
1 0  1 50 
22 145 
1 8  1 65 
1 7  90 
1 5  1 1 0 
2 1  1 50 
1 5  1 50 
1 7  1 1 5 
8 1 1 5 
1 6  130 
12 130 
20 1 50 
1 5  1 55 
27 1 80 
25 1 75 
24 1 80 
20 1 60 
1 7  1 55 
5 140 
1 3  1 20 
5 1 1 5 
1 9  142 
4 26 
1 3  142 
6 22 
1 05 
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1 1 0 
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1 1 0 
1 1 3 
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TABLE 3.6 B HEMODYNAMIC EFFECTS OF ATRIAL PACING 
Patient No A A'  J\1/vs Rao W/vs Pao (mill) - f>tved < Oaos > cm2 (cm2 ·m-2) 1 (M N·s ·m-5) (J · m"2) mmHg (ml · s"') 
6 Control 0.87 0.62 1 .60 23 I .  I 5 64 259 
Paced 1 .2 0.90 1 .73 I 7  1 .25 75 395 
I 2  Control 0.72 0.54 1 . 1 8 24 0.89 63 I 90 
Paced 0.63 0.48 1 .09 29 0.83 82 1 73 
I 3  Control - 0.53 0 0.42 63 I 76 
Paced - - 0.52 0 0.42 80 I 7 I  
I 5  Control 0.69 0.48 1 .26 30 0.89 59 2 I 7  
Paced 0.61 0.43 0.95 32 0.68 75 I 84 
1 8  Control - - 1 .39 0 0.85 63 350 
Paced - 1 .54 3 0.93 72 420 
20 Control 1 .05 0.67 1 . 1 6 I 5  0.74 64 257 
Paced 1 .09 0.69 0.86 1 2  0.54 78 2 1 7  
22 Control 0.74 0.53 1 .24 27 0.89 60 221 
Paced 0.77 0.55 0.95 24 0.68 80 2 1 9  
23 Control 0.66 0.42 1 .85 39 1 . 1 8  48 256 
Paced 0.62 0.39 1 .5 I 38 0.96 60 224 
26 Control 0.77 0.66 1 .87 32 1 .60 56 288 
Paced 0.89 0.76 1 .32 23 1 . 1 3  65 281 
28 Control 0.68 0.63 1 .03 27 0.96 78 I92 
Paced 0.88 0.82 0.80 1 8  0.75 90 2 1 5  
29 Control 1 .82 1 .30 1 .36 6 0.97 72 3 1 4  
Paced 2.07 1 .47 1 .02 4 0.73 80 291 
Control x 0.88 0.65 1 .3 1  20 0.95 62 247 
so 0.36 0.25 0.37 13  0.29 7 54 
Paced x 0.97 0.72 1 . 1 1 1 8  0.80 76 254 
so 0.46 0.33 0.36 1 2  0.24 8 84 
x =  mean value; SO = standard deviation. 
TABLE 3.7 EFFECT OF ATRIAL PACING ON SYSTOLIC TIME INTERVALS 
Patient No f I ems t:,,s f;1,c (P) fe t* e fpe r;, fpeft, 
----
6 Control 64 4 1 7  394 - 336 308 81 87 0.24 
Paced 120 309 379 - 243 290 66 90 0.27 
1 2  Control 75 437 444 342 3 1 9  95 1 1 0 0.27 
Paced 102 395 449 3 1 0  332 85 109 0.27 
1 3  Control 84 395 444 - 300 320 95 1 22 0.3 1 
Paced 1 1 3 350 437 - 256 307 94 1 29 0.36 
1 5  Control 78 438 45 1 - 324 3 1 4  1 1 4 1 28 0.35 
Paced 109 407 464 306 339 1 0 1  1 24 0.35 
1 8  Control 75 400 389 75 300 29 1 1 00 107 0.33 
Paced 105 365 4 1 7  72 260 302 1 05 1 22 0.40 
20 Control 94 375 4 1 2  72 280 3 1 0  95 1 02 0.33 
Paced 129 332 434 67 245 328 87 106 0.35 
22 Control 82 400 447 305 324 95 1 22 0.3 1 
Paced 125 325 430 240 306 85 1 23 0.35 
23 Control 78 4 1 0  428 46 330 326 80 95 0.24 
Paced 102 390 434 54 305 327 93 1 05 0.34 
26 Control 92 370 409 40 290 3 1 5  80 1 0 1  0.27 
Paced 1 26 330 42 1 40 250 328 80 I l l  0.32 
28 Control 90 385 429 7 1  286 305 99 1 24 0.34 
Paced 126 329 427 63 239 301 90 1 25 0.37 
29 Control 67 407 395 25 307 293 1 00 1 07 0.32 
Paced 97 367 394 25 260 287 1 07 1 22 0.4 1 
Control x 403 422 54 309 3 1 1  94 109 0.30 
SD 22 23 20 20 I I  1 0  13  0.04 
Paced x 354 426 53 264 3 1 3  90 1 1 5 0.34 
SD 32 23 1 7  28 1 7  I I  I I  0.04 
-
x mean value; SD = standard deviation. 
TABLE 3.8 ATRIAL PACING: MAXIMUM RATE OF RISE OF LEFT VENTRICULAR PRESSURE � AND ESTIMATED MAXIMUM VELOCITY OF 
CONTRACTILE ELEMENT SHORTENING vmax 
Patient No 
maximum � (mmHg·s" ') Vmax (s" ') 
Control Paced Control Paced 
1 8  1 600 2200 55 1 00 
20 1 600 2000 65 6 5  
26 3000 3500 90 1 05 
28 2400 3000 70 1 20 
29 1 800 2000 60 80 
TABLE 3.9 A HEMODYNAMIC EFFECTS OF ANGIOTENSIN INFUSION 
rj rj' P.11 1� n 1  N o  ( 111 111. 1 } ( l . mu( 1 l ( l .mu( ' · m·2 )  
Control 90 
Ang. 108 
3 Control 78 
Ang. 96 
4 Control 90 
Ang. 78 
7 Control I 03 
Ang. I 10  
9 Control 95 
Ang. 95 
I I Control 90 
Ang. 93 
I 2 Control 75 
Ang. 71  
I 3 Control 84 
Ang. 72 
I 5 Control 78 
Ang. 87 
I 6 Control I 23 
Ang. 105 
19 Control I 10 
Ang. 1 20 
20 Control 94 
Ang. 92 
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I S  140 
20 1 60 
20 160 
25 1 80 
10  1 25 
I S  1 60 
I S  1 25 
2 1  1 70 
I S  1 05 
1 8  140 
20 1 30 
26 I SO 
22 1 45 
25 165 
17  90 
24 1 45 
2 1  I SO 
35 2 1 5  
I S  165 
20 1 75 
2 1  1 30 
26 1 60 
16  1 30 
30 185  
20 I SO 
25 1 80 
1 1 5 
135  
1 2 5  
1 6 5  
1 1 0 
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TABLE 3.9 B HEMODYNAMIC EFFECTS OF ANGIOTENSIN INFUSION 
Patient No A A' w Rao Wivs P00 (min) Ptved < Oaos > cm2 (cm2 · m-2) J (M N·s·m-5) (J · m-2) mmHg (ml ·s-1 )  
Control 0.75 0.70 0.82 2 1  0.77 75 1 83 
An g. 0.67 0.62 0.83 26 0.77 85 1 77 
3 Control 0.7 1 0.50 1 .30 29 0.95 70 225 
An g. 0.92 0.65 1 .58 1 9  1 . 1 2  95 244 
4 Control 1 . 1 3  0.87 1 .00 13  0.81 70 252 
An g. 1 . 1 2  0.87 1 .49 13  I .  I 5 85 250 
7 Control 1 .60 1 .30 1 .0 1  7 0.83 65 277 
Ang. 1 .90 1 .54 1 .33 5 1 .08 99 268 
9 Control 1 . 1 6  1 . 19 0.66 10  0.68 60 200 
An g. 1 .24 1 .28 1 .04 1 0  1 .07 87 2 1 5  
I I  Control 0.85 0.70 0.97 20 0.80 60 224 
Ang. 0.77 0.64 0.85 1 7  0.71 84 ! 53 
1 2  Control 0.72 0.54 1 . 1 8  24 0.89 63 1 90 
Ang. 0.56 0.43 1 . 1 2  3 1  0.84 75 I SO 
13  Control - - 0.53 0 0.42 63 1 76 
An g. - - 0.83 0 0.66 86 ! 5 3  
I S  Control 0.69 0.48 1 .26 30 0.89 59 2 1 7  
An g. 0.62 0.44 1 .60 30 I .  1 3  90 1 75 
1 6  Control 0.97 0.58 1 .63 2 1  0.97 80 308 
An g. 1 .2 1  0.73 2 . 12  1 6  1 .27 90 364 
1 9  Control 1 .55 1 .42 0.83 6 0.76 69 208 
An g. 1 .50 1 .38 1 . 1 0  7 1 .0 1  84 260 
20 Control 1 .05 0.67 1 . 1 6  1 5  0.74 64 252 
An g. 1 .2 1  0.77 1 .60 1 2  1 .02 100 270 
22 Control 0.74 0.53 1 .24 27 0.89 60 221 
An g. 0.57 0.4 1 1 . 1 9  33 0.86 90 1 6 1  
TABLE 3.9 A HEMODYNAMIC EFFECTS OF ANGIOTENSIN INFUSION (continued} 
PJIIcnt No Q (}' Qll·• Q/,._, 1'1,. (max) l't"•cl p/J•s P00 (ma\-) P00 fmml pan /'/I' (IIIOt) P00 (ma\ ) ,,,._, POfH 1c <1'11 ) 
( mm· J )  ( 1 - rnu( l ) O· tmn�l .n(2 ) 1 1 1 1  t m l- m-2 )  nunHg m m l lg mmllg m m l lg mmllg mmllg mrnJig rn m l lg Ill" 
23 Control 78 6.0 3.8 77 49 1 90 27 1 80 I I O  7 5  I05 80 75 300 
An g. 69 4. I 2.6 59 38 2 1 0  34 I 80 I 45 IOO I 30 65 50 330 
24 Control 88 5.2 4.8 59 55 1 60 2 1  130 1 00 70 90 60 40 280 
Ang. I I I  6.2 5 .7 56 52 205 29 I 90 I 65 I I O I 45 40 45 280 
26 Control 92 7.2 6.2 78 67 200 24 I 80 I 1 5  80 I 10 85 70 270 
Ang. I 09 7.6 6.5 70 60 2 1 0  3 5  I 85 I 55 I05 I35 65 50 290 
27 Control 9 I  6.2 4. I 68 45 125 I 8  I I 5  I I 5  85 I IO IO 5 250 
An g. 72 6.2 4. I 85 57 I 90 30 I 70 I 80 I 20 I 65 I O  5 3 1 0  
28 Control 90 4.5 4.2 50 46 I 70 I 7  I 55 I 2 5  9 5  1 I 5  45 40 260 
An g. 90 4.8 4.5 53 49 I 90 20 I 70 1 60 1 20 I45 30 25 270 
29 Control 67 5.7 4.0 85  60 I35  1 3  1 1 5 I 1 5  85 I 05 20 1 5  270 
Ang. 73 5.4 3.9 74 52 160 20 I 50 160 I I O I40 0 10  270 
30 Control 1 1 6  4.5 4.5 39 39 145 25 I 30 1 20 90 I I O  2 5  20 250 
An g. 1 05 3.6 3 .6 34 34 1 60 32 I40 I 35 105 1 25 25 I 5  250 
Control >: 90 5.4 4.2 60 47 I 56 I 8  1 37 I I 4  83 105 42 32 260 
SD 1 3  1 .2 0.7 I 2  7 25 4 23 8 6 8 24 20 25 
An g. .f 9 1  5.3 4.2 58 45 1 88 25 I 68 I 56 I I I  141  3 1  27 2 73 
so 1 6  1 .5 1 .2 I 4  8 23 5 1 8  1 8  8 I 4  I 9  I 5  37 
x = mean value; SD = standard deviation. 
TABLE 3.9 B HEMODYNAMIC EFFECTS OF ANGIOTENSIN INFUSION (continued} 
Patient No A A ' It' Rao Wi,.s Pao (min) Pl1•ed < Oaos > cm2 (cm2 ·m-2)  J (M N·s ·m-5) (J •m'2) mmHg (ml · s- 1 )  
23 Control 0.66 0.42 1 .85 39 1 . 1 8  48 256 
An g. 0.56 0.36 1 .4 1  3 7  0.90 66 1 78 
24 Control 0.74 0.69 1 .02 25 0.95 49 2 10 
An g. 0.66 0.62 1 .41  29 1 .3 I 8 1  200 
26 Control 0.77 0.66 1 .87 32 1 .60 56 288 
An g. 0.76 0.65 1 .72 27 1 .47 70 24 1 
27 Control 2.72 1 .83 1 .04 2 0.70 67 272 
An g. 2.75 1 .84 1 .92 2 1 .29 90 274 
28 Control 0.68 0.63 1 .03 27 0.96 78 192 
An g. 0.88 0.82 1 .20 1 7  1 . 1 2  100 1 96 
29 Control 1 .82 1 .30 1 .36 6 0.97 72 3 1 4  
An g. 1 .94 1 .39 1 .47 5 1 .05 90 274 
30 Control 0.78 0.78 0.67 1 7  0.67 65 1 56 
Ang. 0.78 0.78 0.63 14 0.63 73 136 
-
Control .f 1 .05 0.83 1 . 1 2  1 8  0.87 64 23 1 
SD 0.53 0.38 0.36 10 0.23 8 44 
An g. x 1 .08 0.85 1 .32 1 7  1 .02 86 2 1 6  
S D  0.58 0.42 0.38 I I  0.22 9 58 
.f = mean value; SD = standard deviation. 
TABLE 3 . 1 0  EFFECT OF ANGIOTENSIN INFUSION ON SYSTOLIC TIME INTERVALS 
Patient No f lems  r:ms  t;.,c (P) fe t* e fpe r;e fpelte 
Control 1 1 5  327 429 - 24 1 296 86 127 0.35 
An g. 1 25 325 444 - 243 3 1 7  82 1 26 0.35 
3 Control 80 380 385 300 300 80 92 0.26 
An g. 96 375 407 - 285 3 1 2  90 107 0.3 1 
4 Control 80 350 374 - 280 282 70 90 0.25 
An g. 82 370 397 - 280 284 90 I l l  0.32 
7 Control 1 07 304 382 240 283 64 98 0.26 
Ang. 1 1 3 3 1 0  398 - 232 283 78 1 1 3 0.33 
9 Control 88 375 437 - 278 304 97 1 3 1  0.30 
An g. 95 369 442 285 320 84 1 20 0.29 
I I  Control 90 362 406 - 28 1 298 8 1  106 0.28 
An g. 97 380 436 302 329 78 105 0.25 
1 2  Control 74 437 444 - 342 3 1 9  95 1 1 0 0.27 
An g. 7 1  440 442 - 350 322 90 104 0.25 
1 3  Control 90 395 444 300 320 95 122 0.3 1 
An g. 78 4 1 9  448 - 3 1 7  320 98 1 2 1  0.30 
I S  Control 82 438 45 1 324 3 1 4  1 14 1 28 0.35 
An g. 94 380 4 1 2 - 342 3 5 1  38 56 0 . 1 1 
1 6  Control I I I  360 425 - 260 3 1 2  100 1 26 0.38 
Ang. 1 09 372 434 - 268 3 1 7  104 1 29 0.38 
1 9  Control 1 1 0 3 2 1  402 48 230 276 91 1 24 0.39 
An g. 125 300 405 42 220 281  85 1 23 0.38 
20 Control 98 375 4 1 2  7 2  280 3 1 0  95 1 02 0.35 
An g. 94 380 409 73 285 303 1 00 l OS 0.35 
22 Control 90 400 447 - 305 324 95 1 22 0.3 1 
An g. 75 400 422 30 350 349 50 72 0. 1 4  
23 Control 86 4 1 0  428 46 330 326 80 95 0.24 
An g. 75 430 430 63 355 3 14 95 106 0.28 
24 Control 97 365 425 33 3 1 0  339 55 85 0. 1 7  
An g. 98 355 4 1 7  50 280 3 1 0  75 105 0.26 
26 Control 95 370 409 40 290 3 1 5  80 1 0 1  0.27 
An g. 109 375 438 32 300 349 75 1 00 0.25 
27 Control 90 383 400 78 270 287 1 1 3 1 26 0.41 
An g. 70 443 427 84 320 303 1 23 1 30 0.38 
28 Control 93 385 429 7 1  286 305 99 1 24 0.34 
An g. 90 390 430 69 298 3 1 3  92 1 1 6 0.30 
29 Control 72 407 395 78 307 293 100 107 0.32 
An g. 66 421 399 77 3 1 7  293 1 04 1 09 0.32 
30 Control 1 1 4 359 465 54 277 342 82 1 22 0.29 
An g. 108 364 449 57 277 325 89 1 24 0.32 
Control. � 93 375 419  57  286 307 88 1 1 2 0.30 
so 1 2  34 25 1 7  29 1 8  14 14 0.57 
An g. -� 93 379 424 60 294 3 14 86 1 09 0.06 
so 1 7  39 1 7  1 7  36 20 1 8  1 8  0.07 
x = mean value; SO = standard deviation. 
TABLE 3 . 1 1 ANGIOTENSIN INFUSION: MAXIMUM RATE OF LEFT VENTRICULAR PRESSURE � AND ESTIMATED MAXIMUM VELOCITY OF 
CONTRACTILE ELEMENT SHORTENING vmax 
maximum llf(mmHg· s· 1 )  1'max (s·' ) 
Patient No Control Angiotensin Control Angiotensin 
1 9  3 1 00 4600 105 105 
20 1 600 2200 65 40 
26 3000 3000 90 65 
27 1 800 1 800 65 45 
28 2400 2400 70 60 
29 1 800 1 800 60 50 
30 2400 2 1 00 70 50 
